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Abstract

Immersive virtual reality (VR) learning bears the potential to enhance outcomes by allowing users to experience virtual
scenarios as if they were there. At the same time, multimedia learning literature recommends breaking information into
meaningful, learner-paced segments rather than presenting learning content continuously. Despite numerous recent studies
evaluating VR, essential questions about VR applications in organizational training contexts remain unanswered for prac-
titioners and researchers. This study evaluates critical aspects of learning outcomes, cognitive load, Interest/Enjoyment,
and technology acceptance using a 2 x 2 design with media type (2D video vs. head-mounted display VR) and segmenta-
tion (continuous vs. segmented) as between-subjects factors, alongside a control group (without training; to evaluate the
effectiveness of the training). The study includes data from 162 airport security screeners. Each experimental condition
experienced a multimedia lesson with high contextual relevance and adherence to current instructional design and mul-
timedia theories. Data on post-training Objective Knowledge indicate a significant main effect of segmentation, favoring
continuous presentation. Germane Cognitive Load was rated higher in the 2D video than in the VR conditions. We did
not observe significant effects on Interest/Enjoyment or aspects of technology acceptance. The Interest/Enjoyment ratings
were high across all experimental conditions and strongly correlated with Perceived Usefulness and Behavioral Intention,
consistent with recent findings on technology acceptance for immersive technologies. Overall, this study provides valuable
insights into the practical implementation of instructional VR applications and encourages further evaluation of learning
applications using current VR technology.
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1 Introduction

The rapid evolution of multimedia learning technolo-
gies, especially immersive virtual reality (VR), promises
improvements in education and training across many dis-
ciplines and professions (e.g., Ahir et al. 2020; Checa and
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Bustillo 2020; Howard and Gutworth 2020; Xie et al. 2021;
Smutny 2023). In the process of developing new learning
content, practitioners must determine the most appropri-
ate media type. From a practical perspective, the choice is
often between traditional e-learning (e.g., computer-gener-
ated multimedia video) and immersive technologies (e.g.,
immersive VR). Traditional e-learning media (Clark and
Mayer 2024), characterized as no immersion or low immer-
sion, utilizes two-dimensional (2D) screen displays (Mayer
et al. 2023), such as computer screens or notebooks, with a
computer mouse used as input modality. A widespread form
of immersive VR uses head-mounted displays (HMD VR)
that enable users to perceive the environment stereoscopi-
cally, facilitating spatial perception and allowing them to
look around freely in the virtual environment (Jerald 2016;
Wohlgenannt et al. 2020). With current HMD VR technol-
ogy, a common way to interact is with tracked handheld VR
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controllers using natural gestures (e.g., in the form of mid-
air touch interactions; Luong et al. 2023).

When it comes to how content is presented for multime-
dia learning, instructional designers and developers often
rely on the widely accepted instructional design principles
of the cognitive theory of multimedia learning (CTML; for
an overview, see Mayer 2021), which were developed for—
and mostly validated with—traditional computer-based
learning technology (Mutlu-Bayraktar et al. 2019). With the
increasing prevalence of HMD VR in the consumer mar-
ket, researchers highlight the importance of applying these
principles to learning applications with immersive VR (e.g.,
Mulders et al. 2020; Miguel-Alonso et al. 2023). However,
it remains largely unclear whether they apply similarly to
current HMD VR (Ceken and Tagkin 2022), where narra-
tions often include transient information (instructional ani-
mations or spoken text; cf., transient information effect,
Wong et al. 2012). Knowledge can be delivered without
a break, or users can set their own pace and control short
learning sequences. Appropriately segmented learning con-
tent (meaningful, coherent, and adequately sized chunks)
can be individually paced at the user’s desired learning rate
(segmenting principle; Mayer and Fiorella 2021; see Chap-
ter 1.2).

Numerous previous studies have addressed VR com-
pared to other media (e.g., Makransky et al. 2021) and seg-
mentation (e.g., Klingenberg et al. 2022) for the educational
sector (for systematic reviews on education, see, Radianti et
al. 2020; Wu et al. 2020; Di Natale et al. 2020; Pellas et al.
2021; Yu 2021; Hamilton et al. 2021; Villena-Taranilla et al.
2022; Coban et al. 2022; Rojas-Sanchez et al. 2023). Apart
from the increasing number of recent studies on the use of
VR in the health sector (e.g., on medical emergency simula-
tions: Lerner et al. 2020; on childbirth nursing: Chang et al.
2022) and systematic reviews in this field (e.g., for surgical
training: Mao et al. 2021; for medical education and clini-
cal care: Dhar et al. 2023; for nursing: Efendi et al. 2023;
Liu et al. 2023), however, there is less empirical research
on effectiveness and psychological aspects (e.g., cogni-
tive load, motivation, and technology acceptance) in other
organizational and occupational contexts (for simulations in
biotech industry: Baceviciute et al. 2022). Several studies
emphasize the added value of VR and refer to applications
and training scenarios that would be impractical and expen-
sive to implement in reality (e.g., emergency evacuation of
an aircraft: Buttussi and Chittaro 2018; fire safety training:
Morélot et al. 2021; Lovreglio et al. 2021; Katz et al. 2023;
systematic reviews of safety training: Stefan et al. 2023;
Sudiarno et al. 2024).

One application that could benefit from modern multime-
dia learning technologies is the training of airport security
screeners. As in many other industries, airports and security
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service providers face the challenge of simultaneously
providing effective, efficient, and motivating training to
their employees. For example, the ongoing transition from
conventional X-ray to 3D computed tomography (3D CT)
technology for cabin baggage screening (Schwaninger and
Merks 2019; Smith and Connelly 2022; Vukadinovic and
Anderson 2022, p. 21; Cordova 2022, pp. 155-156 [refer-
ring to as carry-on baggage]) involves delivering factual,
conceptual, and procedural knowledge. Besides conduct-
ing image interpretation (by analyzing passengers’ screened
bags for prohibited items), airport security screeners are
also responsible for assisting passengers with divesting, per-
forming alarm resolution of the walk-through metal detec-
tor or body scanner, and conducting secondary bag searches
(cf. Michel et al. 2014a). To perform these tasks effectively
and to respond to passenger questions competently, it is
vital that they possess a comprehensive understanding of
the regulations, processes, and technologies involved (for
e-learning providers, see, e.g., Airports Council Interna-
tional 2024; International Air Transport Association 2024;
International Civil Aviation Organization 2024). To learn
about new screening technologies, the physical presence of
the new 3D CT machines helps contextualize the training
content. However, these expensive machines are often diffi-
cult to access due to the daily operations of airports. Virtual
environments with realistic digital 3D models of spatial set-
tings, machinery, or devices (for details on visual realism,
refer to Christou and Parker 1995; for a framework of fidel-
ity, see Ragan et al. 2015; Chapter 1.1) permit the provision
of alternative learning experiences, thereby reducing the
need for physical infrastructure (e.g., Kaminska et al. 2019;
Soliman et al. 2021; Kaplan et al. 2021). To our knowledge,
there is no study evaluating HMD VR compared to other
training media for airport security.

The possibilities offered by new learning technologies
raise questions for both organizational practice and scien-
tific research: Is using immersive HMD VR to obtain new
knowledge worth the effort? Should learning content be pre-
sented continuously or segmented? In this study, we evalu-
ated the potential benefits of immersive HMD VR compared
to conventional 2D screen videos for training airport secu-
rity screeners. We also assessed how the content should be
presented to learners: as a continuous system-paced lesson
or segmented into meaningful chunks, paced by the learner.
We examined the effects of media type (2D video vs. HMD
VR) and segmentation (continuous vs. segmented) on the
following dependent variables: post-training Objective
Knowledge, Subjective Knowledge Gain, cognitive load
(CL), Interest/Enjoyment, and technology acceptance.
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1.1 Media type (2D video vs. HMD VR)

The two media types evaluated in the current study (2D
video vs. HMD VR) differ in several characteristics that
can be classified from different perspectives: from a tech-
nological point of view (in terms of hardware, software, and
their interplay, which contribute to fidelities: Ragan et al.
2015), from a user experience standpoint (Kim et al. 2020),
and from a psychological perception angle (e.g., presence;
Slater 2009, 2018; Slater et al. 2022).

Ragan et al. (2015, p. 796) identify three types of fidel-
ity depending on the technologies used: interaction fidelity,
display fidelity, and scenario fidelity. Concerning interac-
tion fidelity, an essential distinction between the two media
types is that HMD VR users can rotate and move their heads
in any direction to look around, enabling them to visually
explore their virtual surroundings (resulting in a higher
interaction fidelity; Ragan et al. 2015). This is not possible
for users of 2D video due to their stationary, non-interactive
camera position (low interaction fidelity). Regarding dis-
play fidelity, an important feature of HMD VR is the stereo-
scopic display, with different images for each eye providing
depth cues (for further details on binocular disparity, please
refer to, e.g., Scarfe and Glennerster 2019, p. 532) for vir-
tual objects and environments, thus providing a high display
fidelity. In contrast, 2D videos are traditionally presented
on monoscopic 2D displays that have low display fidel-
ity. Scenario fidelity is defined “as the objective degree of
exactness with which behaviors, rules, and object properties
are reproduced in a simulation” (Ragan et al. 2015, p. 796).
Interaction fidelity, display fidelity and scenario fidelity
determine together the overall level of realism of the simu-
lation (Ragan et al. 2015), which is sometimes referred to as
system fidelity (McMahan and Herrera 2016).

Based on the widely accepted definition by Slater
(2009), immersion refers to “the objective capabilities of
the system” (Slater et al. 2022, p. 6). Thus, a tracked HMD
equipped with a stereoscopic display is considered to pro-
vide a higher immersion level than a traditional 2D screen
display. Depending on the implementation of the VR appli-
cation, users of HMD VR may experience a feeling of pres-
ence. Slater and Wilbur (1997) define presence as “a state of
consciousness, the (psychological) sense of being in the vir-
tual environment” (p. 606). The illusion of presence can be
divided into place illusion and plausibility illusion (Slater
2003, 2009; Slater and Sanchez-Vives 2016; Slater et al.
2022). Place illusion is described as the feeling of “being
there”, while plausibility illusion describes the feeling that
the events unfolding within the virtual environment are
actually happening. The meta-analysis by Cummings and
Bailenson (2016) concludes that a high degree of immer-
sion positively affects the experienced presence and that

features such as tracking and stereoscopy reinforce this feel-
ing. Newman et al. (2022 [Experiment 1]) compared real,
VR, and 2D video experiences. The study concluded with a
“preference for real and virtual experiences over watching a
video, in terms of feelings of serenity, ratings of enjoyment,
a sense of presence, and a sense of immersion” (Newman et
al. 2022, pp. 5-6).

1.2 Segmentation (continuous vs. segmented)

Segmentation, also referred to as the segmenting principle
or segmenting effect, is based on the notion that “people
learn more deeply when a multimedia message is presented
in learner-paced segments rather than a continuous unit”
(Mayer and Fiorella 2021, p. 249). When learners receive
fast and transient system-paced multimedia instruction as a
continuous unit, they may not have sufficient time to men-
tally organize essential words and pictures into a coherent
model and integrate this information with their prior knowl-
edge (Rey et al. 2019). As a result, learning performance
may be hindered because of high CL (Spanjers et al. 2010).
Segmentation allows for pauses between each instructional
unit, which can help counteracting the negative effects of
transience associated with multimedia lessons by provid-
ing learners additional time for cognitive processing before
new information is presented (Moreno and Mayer 2007).
Instructional material should be structured into meaningful
and coherent segments to help learners perceive the multi-
media lesson’s underlying structure (Spanjers et al. 2010)
and segmentation is closely related to controlling the pace
of multimedia instruction. Allowing learners to pace the les-
son enables them to adapt the pace to their available cogni-
tive resources (e.g., Hasler et al. 2007; Rey et al. 2019). The
term learner-paced, or self-paced, is frequently applied to
describe situations in which learners can control the pace of
asegmented lesson themselves, while the term system-paced
is predominantly used for conditions in which the instruc-
tional designers predetermine the pace of a segmented les-
son (see, Rey et al. 2019, for examples). Due to different
modalities and forms of control, the academic literature
on segmentation has not consistently used these terms, at
times considering system-paced to involve continuous, non-
segmented instruction (e.g., Hasler et al. 2007; Mayer and
Fiorella 2021). The present study followed the fundamental
characteristics of segmentation applied by Mayer and Chan-
dler (2001), comparing a continuous, non-segmented lesson
with a segmented lesson in which learners could initiate the
next segment by pressing a button.
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1.3 Knowledge

An important objective of this study was to evaluate the
knowledge gain of airport security screeners using different
media and segmentation types. To be effective in practice,
training must serve the intended purpose. In our study, the
intended purpose of the multimedia lesson was to increase
the knowledge about 3D CT technology and cabin bag-
gage screening procedures, which we tested by applying an
objective knowledge test after the participants experienced
the multimedia lesson using 2D video or HMD VR com-
pared to a control group without such training. We therefore
formulated the following hypothesis:

Hypothesis 1 Learners in the experimental conditions
achieve significantly higher Objective Knowledge scores
than participants in the control group (without training).

We did not expect that changes in Objective Knowledge
would depend on media type (2D videos and HMD VR) for
several reasons. While HMD VR has been shown to enable
learning and has found applications in various educational
settings (Rojas-Sanchez et al. 2023), there is no clear evi-
dence in recent literature for the superiority of HMD VR
on learning outcomes compared to less immersive media
for educational purposes such as 2D videos. For example,
a meta-analysis by Hamilton et al. (2021) reported that only
approximately half of the 29 articles reviewed showed a
positive effect on learning when using immersive VR com-
pared to less immersive pedagogical methods (mixed results
on learning outcomes are also reported by other systematic
reviews, e.g., Jensen and Konradsen 2018; Matovu et al.
2022). Another meta-analysis of Wu et al. (2020) reports a
small effect size on learning effectiveness in favor of HMDs
compared to non-immersive interventions. However, as
Makransky and Petersen (2021) postulate in their Cogni-
tive Affective Model of Immersive Learning (CAMIL),
research should differentiate between different knowledge
taxonomies to better understand the effect of learning out-
comes with VR. Related to this issue, Anderson et al. (2001)
provide a valuable framework based on Bloom’s taxonomy
(Bloom et al. 1956) by dividing knowledge into four dimen-
sions: factual, conceptual, procedural, and metacognitive
knowledge. According to Anderson et al. (2001), factual
knowledge comprises basic, isolated elements needed in a
specific domain to understand and solve problems. Con-
ceptual knowledge encompasses more complex and orga-
nized information, such as schemas and mental models,
which are structured in a systematic manner. Together,
factual and conceptual knowledge represent the “what” of
knowledge (Anderson et al. 2001) and are at times com-
bined into declarative knowledge (Makransky and Petersen
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2021). Finally, the “how” of knowledge is encompassed in
procedural knowledge and includes various procedures and
behaviors, such as skills, algorithms, techniques, and meth-
ods (Anderson et al. 2001). Recent literature has shown
that VR is not particularly effective for factual or concep-
tual knowledge acquisition. Several studies reported that
immersive VR is similar to (e.g., Webster 2016; Makransky
et al. 2019a, 2021 [Experiment 1]; Parong and Mayer 2020;
Baceviciute et al. 2022) or less effective (e.g., Makransky et
al. 2019b, 2021 [Experiment 2]; Parong and Mayer 2021)
than non-immersive instructional methods for posterior
knowledge tests. Interestingly, Parong and Mayer (2018)
found VR to be less effective for acquiring factual knowl-
edge than a slideshow presented on a 2D screen display but
not for conceptual knowledge. For procedural knowledge
acquisition, similar mixed results have been reported: While
some studies reported more effective acquisition with VR
(e.g., Liet al. 2017; John et al. 2018), others did not affirm
this tendency. For example, Buttussi and Chittaro (2018)
report similar knowledge increases after experiencing safety
training on a standard desktop monitor vs. with HMD VR—
immediately after the experience as well as two weeks later.
Also, in a study by Makransky et al. (2021), high school
students did not achieve better learning outcomes of proce-
dural knowledge in a science simulation with VR than the
video condition on a 2D screen display.

Although prior knowledge has long been considered a
positive factor for learning (e.g., Tobias 1994; Dochy et al.
1999; Hailikari et al. 2008; Delgado and Mayer 2025), the
literature has shown mixed effects on Subjective Knowl-
edge Gain. For example, some studies found positive effects
due to increased presence in immersive VR (Makransky
and Lilleholt 2018; Makransky and Klingenberg 2022).
However, a study by Makransky et al. (2019b) with uni-
versity students showed no difference in subjective learning
outcomes between a VR and 2D simulation. Furthermore,
a study by Han (2020) with elementary school students
even found a negative effect of VR on perceived learning
compared to less immersive media. One possible explana-
tion lies in a feature of VR: the high interaction fidelity of
HMD VR is accompanied by the risk of losing the learner’s
attention by “moving attention away from the content to
irrelevant stimuli in the lesson” (Parong and Mayer 2020,
p- 238). Makransky (2021) also highlights “cybersickness,
technological challenges, or because the immersive experi-
ence distracted from the learning task” (p. 297) as explana-
tions as to why the often-expected better learning outcomes
with VR have not always been observed.

Regarding segmentation, studies have consistently shown
that segmenting multimedia instruction can enhance learn-
ing outcomes (e.g., Boucheix and Guignard 2005; Hasler et
al. 2007; Moreno 2007; Mayer et al. 2018). Meta-analyses
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have confirmed these findings: Rey et al. (2019) reported a
small- to medium-sized effect of segmenting for knowledge
retention and transfer when the material was segmented by
the instructional designers rather than the learners. A sys-
tematic review by Ceken and Taskin (2022) concluded that
71% of the 15 examined studies showed improved learning
outcomes when the instructional material was segmented.
While a study by Parong and Mayer (2018) suggested that
segmentation may also aid learning processes when using
VR, two recent studies found no benefit when instructional
content was divided into smaller, more manageable seg-
ments (Ahn et al. 2022; Klingenberg et al. 2022). Based on
the widely accepted findings that segmentation enhances
learning outcomes, we formulated the following hypothesis:

Hypothesis 2 Learners in the continuous conditions achieve
significantly lower Objective Knowledge scores than learn-
ers experiencing the content in segmented conditions.

1.4 Cognitive load

The CAMIL (Makransky and Petersen 2021) identifies CL
as a principal factor when designing and examining VR for
educational purposes, as it provides an understanding of
the cognitive demands involved in the learning processes.
Cognitive Load Theory (CLT; Sweller et al. 2011) and, sim-
ilarly, the CTML (Mayer 2021), propose that human cogni-
tive processing is heavily constrained by working memory,
inhibiting learning when cognitive processing exceeds the
learners’ capacity (Sweller et al. 2011, pp. 42-45, 2019, p.
262; Mayer 2021, p. 60). Therefore, managing CL in the
learner’s experience is essential for successful instruction.

Generally, CL is differentiated into three types (Sweller et
al. 1998): Intrinsic Cognitive Load (ICL), Extraneous Cog-
nitive Load (ECL), and Germane Cognitive Load (GCL).
Intrinsic Cognitive Load refers to the complexity of the
information in the learning material and the knowledge of
the person processing that information (Sweller et al. 2019).
In order to address the instructional complexity and manage
ICL, segmentation may be a viable strategy. Fourteen out of
20 studies analyzed by Rey et al. (2019) indicated that seg-
mentation reduces overall cognitive load (p. 409). Substan-
tiated by the small- to medium-sized effect of segmenting
for knowledge gain and transfer (Rey et al. 2019), as well as
further literature presented in chapter 1.3, it has been theo-
rized that segmenting the learning material into meaningful
chunks, introducing pauses, and allowing learner-controlled
pacing may reduce the instructional content’s complexity,
facilitate the management of ICL and moderately increase
learning (e.g., Mayer and Moreno 2010; Noetel et al. 2022).
Based on this, we propose the following hypothesis:

Hypothesis 3 Learners in the continuous conditions report
significantly higher ICL scores than learners experiencing
the content in segmented conditions.

Extraneous Cognitive Load is determined by how the
learning material is presented and the learner’s activities
during the instructional task (Sweller et al. 2019). The CLT
focuses mainly on techniques to reduce extraneous load,
as this allows for more attention to be invested in cogni-
tive processes facilitating learning (Sweller 2010). Previ-
ous studies have suggested that VR can lead to increased
ECL and, in turn, inhibit learning due to the high amount
of sensory information and the ability to freely explore and
interact with their surroundings (e.g., Parong and Mayer
2020; Makransky et al. 2021). Concerning segmentation,
the literature highlights that increased control and agency
may negatively influence ECL if the learner is not famil-
iar with the media’s control mechanisms (e.g., Makransky
et al. 2019b, 2021; Poupard et al. 2025). Considering this
literature and focusing on the interaction fidelity related to
HMD VR as well as the interaction to control the progress
associated with the segmented conditions, we put forth the
following hypotheses:

Hypothesis 4 Learners in the 2D video conditions report
significantly lower ECL scores than learners in the HMD
VR conditions.

Hypothesis 5 Learners in the continuous conditions report
significantly lower ECL scores than learners experiencing
the content in segmented conditions.

Last, GCL emerges during the formation and regulation
of mental models and schemata, thereby facilitating learn-
ing and contributing to transfer performance (e.g., Paas
et al. 2003; Moreno and Park 2010). While the traditional
approach to CLT suggests that reducing cognitive load
imposed by the instructional content, its delivery along with
the learner’s activities allows resources to be redirected to
germane cognitive processes that facilitate learning, a pro-
posed reconceptualization of CLT departs from the notion
of germane load adding to the total load (Sweller et al.
2019; Duran et al. 2022; Krieglstein et al. 2022). Instead,
the GCL is assumed to allocate working memory resources
to intrinsic aspects of the task to deal with the imposed ICL.
While this refined approach has been largely accepted and
employed for creating and interpreting CL scales (e.g., Lep-
pink et al. 2013, 2014), some researchers have remained
committed to the original concept, arguing that it facilitates
understanding instructional design effects (e.g., Klepsch and
Seufert 2020). In the present study, we assessed the three
types of CL using two different scales for each type. The
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items and latent construct behind the instrument by Klepsch
et al. (2017) are rooted in the traditional understanding of
GCL, while the scale by Leppink et al. (2014) assumes a
reconceptualized characterization. At the same time, both
approaches claim to differentiate between the three types
of CL, Klepsch and Seufert (2020) state “that the question-
naire still must be validated in different and more ecologi-
cally valid learning contexts” (p. 50). By comparing the two
instruments exploratorily in our study, we aim to contribute
to the broader discourse on the different instruments mea-
suring CL. Considering the novel interpretation and scarce
empiric evaluations of GCL with the instrument by Leppink
et al. (2014), we propose the following hypothesis based on
the traditional understanding of CL (Klepsch et al. 2017):

Hypothesis 6 Learners in the 2D video groups report sig-
nificantly higher GCL scores than learners in the HMD VR
groups.

Based on the traditional understanding of CL (Klepsch
et al. 2017) and assuming that the segmented conditions
reduce ICL due to less instructional complexity, learners
should be able to invest more attention in cognitive pro-
cesses resulting in higher GCL in the segmented conditions
compared to the continuous conditions. This led to the fol-
lowing hypothesis:

Hypothesis 7 Learners in continuous conditions report
significantly lower GCL scores than learners experiencing
content in segmented conditions.

In the absence of established literature, we do not pro-
pose a hypothesis on the comparability of the instruments
by Leppink et al. (2014) and Klepsch et al. (2017). Instead,
we approach this comparison exploratorily to shed light on
an under-researched area and contribute to the broader dis-
course on subjective CL instruments.

1.5 Interest/Enjoyment

Affective factors such as intrinsic motivation have been
recognized as crucial elements of learning with immersive
media (Makransky and Petersen 2021). Interest and enjoy-
ment are considered central aspects of intrinsic motivation.
Building on the Self-Determination Theory (Ryan and Deci
2017), intrinsic motivation is experienced when one engages
in an activity for its inherent satisfaction, as opposed to
external rewards or pressures. However, for this to occur, an
activity must be of intrinsic interest, appear novel or chal-
lenging, or have aesthetic value to the learner (Ryan and
Deci 2017). Furthermore, intrinsic motivation involves both
personal and situational interests (Linnenbrink and Pintrich

@ Springer

2002). For learning with VR, this means that both the learn-
ing content and the learning activity are important. While
intrinsic motivation has been shown to play a significant
role in school achievement (Taylor et al. 2014; Froiland and
Worrell 2016), Ryan and Deci (2017) argue that intrinsic
motivation may be responsible for the preponderance of
human learning across the lifespan.

Compared to less immersive media, VR can lead to
higher intrinsic motivation (e.g., Makransky et al. 2019a,
comparing text to desktop VR and HMD VR; Zhao et al.
2020, comparing interactive video and HMD VR; Makran-
sky and Klingenberg 2022, comparing personal trainer and
HMD VR). Several studies reported HMD VR'’s superiority
over 2D screen displays (e.g., Meyer et al. 2019; Klingen-
berg et al. 2020, after participants experienced both media
types; Makransky et al. 2021). Based on this research, we
formed the following hypothesis:

Hypothesis 8 Learners in the 2D video conditions report
significantly lower Interest/Enjoyment scores than learners
in the HMD VR conditions.

Only a few studies have focused on aspects of segmen-
tation regarding Interest/Enjoyment (e.g., Moreno 2007;
Mayer et al. 2018; Parong and Mayer 2018). Because no
clear evidence was reported, we did not formulate a hypoth-
esis on effects of segmentation on Interest/Enjoyment.

1.6 Technology acceptance

In addition to learning outcomes (Chapter 1.3), cognitive
aspects (Chapter 1.4), and affective (Chapter 1.5) aspects,
learners’ technology acceptance is a fourth important factor
for the success of a multimedia learning system. The Tech-
nology Acceptance Model (TAM; Davis 1989) was devel-
oped to prognosticate the use of information technology.
According to the TAM, Perceived Usefulness (PU) and Per-
ceived Ease Of Use (PEOU) impact Behavioral Intention
(BI), which predicts actual use. In addition to the proven
validation and widespread application of the TAM in edu-
cational contexts (e.g., Grani¢ and Maranguni¢ 2019), the
meta-analysis by Sumak et al. (2011) supports the TAM for
training in organizational contexts. In the last two decades,
various developments and extensions of the original model
have evolved (e.g., TAM2: Venkatesh and Davis 2000; Uni-
fied Theory of Acceptance and Use of Technology: Ven-
katesh et al. 2003; TAM3: Venkatesh and Bala 2008), some
even with a specific focus on evaluating immersive technol-
ogies (e.g., Manis and Choi 2019; Sagnier et al. 2020; Fus-
sell and Truong 2022; Oyman et al. 2022; Villena-Taranilla
et al. 2023). These extended models and other publications
investigating novel technologies with TAM (cf., Shamy
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and Hassanein 2017; Lee et al. 2019; Jimenez et al. 2021)
emphasize that enjoyment is strongly related to PU and BI.
Based on the mentioned literature, we formulated the fol-
lowing hypotheses:

Hypothesis 9a Interest/Enjoyment correlates with PU for
2D video.

Hypothesis 9b [nterest/Enjoyment correlates with PU for
HMD VR.

Hypothesis 10a [nterest/Enjoyment correlates with BI for
2D video.

Hypothesis 10b [nterest/Enjoyment correlates with Bl for
HMD VR.

To our knowledge, publications comparing learning tech-
nologies based on the core aspects of the TAM are scarce
for media types and nonexistent for segmentation. A point
of reference on media type is the study by Sprenger and
Schwaninger (2021), who compared the use of indepen-
dent e-lectures and cardboard-based VR learning sessions
(among other technologies) in a higher education setting.
The use of VR yielded lower acceptance scores in PU,
PEOU, and BI than in e-lectures. However, because this
study compared different learning content and usage times,
its comparability with the present study is limited.

1.7 Current study

As discussed in the previous sections, questions remain
unanswered for practitioners and researchers regarding the
implementation of multimedia lessons. Despite the numer-
ous publications on immersive VR, to our knowledge, the
present study is the first to systematically compare advanced
media and segmentation types of a multimedia learning
application in a practical organizational setting, accounting
for learning outcomes, cognitive and affective aspects, and
learner technology acceptance. We used a 2 x 2 study design
with the independent variables (IVs) media type (IV 1: 2D
video vs. HMD VR) and segmentation (IV 2: continuous
vs. segmented). For this purpose, we designed and imple-
mented a multimedia lesson with high contextual relevance
(3D CT technology and processes for airport security bag-
gage screening), following state-of-the-art instructional
design theory (Morrison et al. 2019) and design principles
based on multimedia theory (Mayer and Fiorella 2021).

2 Method
2.1 Participants

We determined the number of participants for the four
experimental groups based on an a priori power analysis
using G*Power (Faul et al. 2007). Specifically, we con-
ducted a power analysis for a between-subjects ANOVA
with four groups, alpha error=0.05, power=0.80, and a
medium effect size (f=0.25). This analysis focused on
Hypotheses 2 to 8, which involved a 2 x 2 between-subjects
design. The participants were recruited at an international
airport with the following inclusion criteria: working as
security screeners, having no prior 3D CT screening experi-
ence, and voluntary participation. Considering availability
and shift scheduling, the airport randomly selected 163 par-
ticipants from this pool. One person’s data were excluded
from the analysis, as the computer performed an unexpected
restart during the training session (continuous 2D video
group). The remaining participants’ (n=162) mean age was
45.53 years (SD=10.12), and their mean work experience
was 11.22 years (SD=28.40). Of the participants, 66 were
female (41%), 96 were male (59%), and no one identified
as other (0%). Furthermore, less than a third (30%) of the
participants had experienced VR before participating in this
study.

Participants were informed of the objectives and study
procedures prior to the study. Written informed consent was
obtained from all participants. No additional monetary com-
pensation was provided, as the study took place during their
regular working hours. All screeners were qualified, trained,
and certified according to the standards set by the appro-
priate national authority (civil aviation administration) in
compliance with the related EU regulation (European Com-
mission 2015) for cabin baggage screening.

2.2 Experimental design, conditions, and apparatus

We applied a 2 X 2 between-subjects design, with media type
(2D video vs. HMD VR) and segmentation (continuous vs.
segmented) as IVs, leading to four experimental groups
experiencing the multimedia lesson with uniform learning
content: continuous 2D video, segmented 2D video, contin-
uous HMD VR, and segmented HMD VR. We also included
a control group to compare to a knowledge baseline (with-
out undergoing training; cf., Michel et al. 2014b; Bertram
etal. 2015).

To allow for comparability of the 2D video and HMD VR
conditions, we did not implement complex interactions (e.g.,
active exploration of 3D objects with a computer mouse or
VR controller). The visual (including 3D models, 3D envi-
ronment, and animations) and auditory learning content
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Fig. 1 Screenshots of the multimedia lesson (view for 2D video, iden-

tical to the front view for HMD VR). a A generic X-ray machine of

the 1990s. b A generic X-ray machine of the 2000s. ¢ Animated inner

a.

workings of a generic 3D CT machine. d A 3D-modeled suitcase with
a corresponding 3D CT image

Fig. 2 Settings of the data collection at an international airport with experienced X-ray cabin baggage screeners. a Screeners experiencing the
training as a video on a 2D screen display. b Screeners experiencing training in VR

(narrative content via on-ear headphones: JVC HA-L50)
were identical for all four experimental conditions. In the
continuous 2D video condition, the participants viewed the
learning content as a video on a 2D screen (task type: watch-
ing; Kim et al. 2020). In the segmented 2D video condition,
the participants used a computer mouse to control the pace
of the segmented learning experience (task type: system
control; Kim et al. 2020), stationary camera position (world-
fixed type; Kim et al. 2020, p. 896; low interaction fidelity),
directed at relevant learning content (primary action; Pirker
et al. 2020, pp. 323ff) in front of the viewer (for examples,
see Fig. 1). The compiled application with the multimedia
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lesson was run on performant notebooks (Dell Mobile Pre-
cision 7720, equipped with an Intel 17-7700HQ processor,
NVIDIA Quadro P4000 graphics processing unit, 16-giga-
byte random access memory, running on 64-bit Windows
10) and displayed on 24-inch LCD monitors (resolution:
1920 x 1200 pixels; Samsung LS24E65KBWV/EN) placed
on a desk fitted with a cardboard visual cover to reduce
visual distractions (Fig. 2a).

Similarly, the learning content was centered in front of the
viewer for the HMD VR groups. However, the six degrees
of freedom (6DOF) HMD (non-see through, assembled
HMD; Kim et al. 2020, p. 896) offered a more immersive
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experience, allowing users to look around freely (high inter-
action fidelity; limited due to the sitting posture; Kim et
al. 2020, p. 898) and explore the virtual surrounding. The
learning experience was administered with first-generation
Oculus Quest HMDs (resolution per display: 1440 x 1600
pixels) tethered to a VR-capable notebook (Dell Mobile
Precision 7740, equipped with an Intel i7-9850H proces-
sor, NVIDIA Quadro RTX 5000 graphics processing unit,
32-gigabyte of random access memory, running on 64-bit
Windows 10) in Oculus Link mode, which ran the compiled
VR applications (Fig. 2b).

Regarding segmentation, the two participant groups in
the continuous conditions did not control progress; their
multimedia lesson progressed without human—machine
interaction (non-interactive, apart from the 6DOF view
orientation with the HMD VR groups) and ran continu-
ously until the end of the instructional content (Fig. 1b, d).
Accordingly, no purposeful pauses were used to separate
thematic chapters of the instructional material. In contrast,
the two segmented groups manually started each segment
by pressing a then-illuminated button. This allowed partici-
pants to control the pace of the learning segments and reflect
on smaller chunks of the information before continuing the
instruction when they felt ready (in line with Moreno 2007).
To advance to the next learning segment, participants in
the segmented 2D video condition clicked the illuminated
green button (Fig. la, c) using a standard wired computer
mouse as the input device. The mouse pointer was visible
only when the button was active, not to distract from the
instructional material. To advance to the next learning seg-
ment, participants in the segmented VR HMD condition had
to touch the green button in the 3D environment (placed
within arm’s reach; cf., mid-air touch interaction, Luong et
al. 2023) using a 6DOF VR controller (tracked handheld
controller; Kim et al. 2020, p. 896; second-generation Ocu-
lus Touch, corresponding to their handedness). Following
the concept of the 2D video conditions, the visual represen-
tation of the VR controller in the HMD VR conditions (cf.
Lougiakis et al. 2020; Seinfeld et al. 2021) was only visible
when the users could press the button; it was invisible at all
other times.

2.3 Training material

The multimedia lesson was developed specifically for the
current study, incorporating the instructional design princi-
ples of the CTML (Mayer 2021) to manage CL. The learning
experience (single user; Kim et al. 2020, p. 897) was imple-
mented using the game engine Unity version 2020.3.19f1
(Unity 2021) and compiled as Windows executables for
each of the four experimental conditions.

The multimedia lesson started with an introduction
explaining the lesson’s aim and allowing the participants
to acclimate themselves to the experimental conditions.
This was followed by three thematic chapters divided into
a total of 14 segments with learning content (total duration
for the continuous conditions: 10 min and 45 s; Table 2).
The instructional materials, which were designed to be nar-
rative in nature (cf., Matovu et al. 2022; Calvert and Hume
2023), focused on providing novel and experienced 2D
X-ray screeners with introductory information about 3D
CT imaging systems (Fig. 1). Referring to Anderson et al.’s
(2001) revision of Bloom’s taxonomy, the learning mate-
rial contained primarily factual knowledge (e.g., “The 3D
CT machine you see in front of you meets the C3 standard
of the European Civil Aviation Conference”), conceptual
knowledge (e.g., “this means that liquids and laptops can be
left in baggage for the scanning process™), and procedural
knowledge (e.g., “with the possibility to rotate the object,
the identification of this object becomes much easier. In this
case, the rotation clearly shows that the object is a pepper
spray prohibited in hand luggage”).

2.4 Procedure

The study took place at the airport’s facilities. After receiv-
ing a short oral briefing, participants were randomly assigned
to one of five groups (2D video continuous, 2D video seg-
mented, HMD VR continuous, HMD VR segmented, con-
trol group). Participants were tested in groups of up to six
persons in the same room (usually four or five). The study
rooms were similar in terms of their layout, furniture, and
lighting and were located away from potential disturbances
caused by airport operations (Fig. 2).

All participants completed a pre-training survey using an
iPad, with items on demographics and Preknowledge. Next,
participants of the four experimental groups received ver-
bal information and instructions about the study procedure.
Before starting the multimedia lesson, the HMD VR groups
were shown how to use the VR equipment correctly. This
included ensuring a comfortable fit of the HMD and adjust-
ing the pupillary distance of the HMD lenses. Participants
who experienced the content in the segmented HMD VR
condition were also shown how to hold the VR controller
properly. Participants experienced the multimedia lesson
in a seated position. The audio (instructional content and
selected sound effects) was delivered through headphones,
with the volume set equally for all participants. Once the
instructors individually checked for overall readiness and
the participants verbally confirmed that they were ready to
begin, the instructors started the learning content individu-
ally for each participant by pressing a designated key on
the keyboard. The post-training survey was administered
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immediately after finishing the multimedia lesson using an
iPad.

Participants in the control group completed only the pre-
training survey and the Objective Knowledge assessment
(baseline). Afterward, they were also given the opportunity
to experience the multimedia lesson, but this data was not
analyzed.

2.5 Measures

All participants first completed a survey on demographics
(gender, age, work, and VR experience) and Preknowledge.
Preknowledge was assessed by three items on participants’
self-rated prior knowledge of 3D CT screening technology,
analogous to Moreno and Mayer (1999). The post-training
survey consisted of measures assessing simulator sick-
ness, Subjective Knowledge Gain, Objective Knowledge,
CL, intrinsic motivation, and technology acceptance. To
adequately assess simulator sickness (also called cybersick-
ness; Rebenitsch and Owen 2016), we formulated a yes/no
item (corresponding to Chang et al. 2021) and asked the par-
ticipants to describe the discomfort if they answered in the
affirmative (open question). This allowed a more accurate
description of the temporal characteristics of experienced
simulator sickness symptoms. Subjective Knowledge Gain
was measured using the corresponding 3-item scale by
Ritzmann et al. (2014) with a reported reliability of 0.81 (p.
50). Participants rated Subjective Knowledge Gain before
the Objective Knowledge measure to avoid distorting the
self-reported learning effectiveness. Objective Knowledge
was measured with ten self-constructed multiple-choice
items (each with one correct and three incorrect options)
that asked mainly for declarative knowledge (similarly to
Makransky et al. 2019b). For each item, only one option
could be selected. The two CL scales applied in this study
by Leppink et al. (2014) and Klepsch et al. (2017) discrimi-
nate between three types of CL: ICL (“determined by both
the complexity of the information and the knowledge of the
person processing that information” Sweller et al. 2019, p.
264), ECL (“how the information is presented and what the
learner is required to do by the instructional procedure”
Sweller et al. 2019, p. 264), and GCL (“productive load that
helps with schema acquisition and automation” Klepsch
and Seufert 2020, p. 48). However, the instruments differ
in their understanding of how germane cognitive processes
influence learning (Klepsch et al. 2017; Klepsch and Seufert
2020). Leppink et al. (2014, p. 1065) reported Cronbach’s o
values of 0.81 for ICL (3 items), 0.85 for ECL (3 items), and
0.91 for GCL (4 items), while Klepsch et al. (2017, p. 12)
reported reliabilities of 0.81 for ICL (2 items), 0.86 for ECL
(3 items), and 0.67 for GCL (3 items). The order of the two
CL scales was randomly assigned (balanced; see Appendix

@ Springer

for all items). For Interest/Enjoyment, we used the corre-
sponding subscale of the Intrinsic Motivation Inventory
(IMI). The IMI is rooted in a publication by Ryan (1982)
and has since been validated and improved in subsequent
studies (Ryan et al. 1983, 1990, 1991; Plant and Ryan 1985;
McAuley et al. 1989, 1991; Deci et al. 1994). The interest
and enjoyment subscale used in this study is considered the
self-reported measure of intrinsic motivation (Cortright et
al. 2013; Mekler et al. 2014) and consists of seven items
(McAuley et al. 1991, p. 145 [with reported reliability of
0.92]). Technology acceptance was evaluated with the core
scales of the revised and latest version of the established
authors (TAM3; Venkatesh and Bala 2008): PU (4 items),
PEOU (4 items), and BI (3 items), which report internal
consistency reliabilities after initial technology use of 0.92,
0.93, and 0.90, respectively (Venkatesh and Bala 2008, p.
287 [after initial training]).

Except for simulator sickness and Objective Knowledge,
all scales were rated on a seven-point Likert scale ranging
from (1) strongly disagree to (7) strongly agree. All survey
items were administered in German (see Appendix). Some
items were slightly reworded (e.g., “task” was changed to
“learning task™), were translated from existing items if no
German version was available (following the procedure
suggested in Beaton et al. 2000), and the tense was changed
where needed.

2.6 Statistical analyses

To examine the psychometric and descriptive statistics,
analyses of variance (ANOVAs), chi-square (x?) tests, cor-
relations, and #-tests, we used the free and open statistical
software JAMOVI version 2.3.19.0 (The jamovi project
2022), with alpha set to 0.05. To adjust for multiple #-tests,
we used the Bonferroni-Holm correction (Holm 1979).
Effect sizes of ANOVAs are reported using partial eta-
squared (n?p) and interpreted with 0.01, 0.06, and 0.14 as
small, medium, and large effects, respectively (Cohen 1988,
p. 368). Correlation coefficients (r, r,) higher than 0.10 are
interpreted as small, those higher than 0.30 are interpreted
as medium, and those higher than 0.50 are interpreted as
strong effects (Cohen 1988, pp. 79-80).

3 Results

We analyzed the data of 162 participants (as mentioned
above, the data of one participant had to be excluded from
the analysis because the computer performed an unexpected
restart during the training session). The groups of the two-
way ANOVAs include 32 screeners in each of the continu-
ous 2D video (n=32) and segmented 2D video (n=32)
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groups and 33 screeners in each of the continuous HMD
VR (n=33) and segmented HMD VR (n=33) groups. Addi-
tionally, 32 screeners were assigned to the control group
(n=32). The participants for each group remained the same
for all analyses. No outliers were detected in or removed
from the data.

3.1 Psychometrics

Table 1 shows the psychometrics of the scales applied in
this study: 10 scales showed acceptable to very good reli-
ability based on the recommendations for psychometrics of
DeVellis and Thorpe (2022, p. 130). An ECL scale (4 items;
Leppink et al. 2014) and a GCL scale (3 items; Klepsch et
al. 2017) computed a low Cronbach’s a value; DeVellis and
Thorpe (2022) consider it undesirable (0.60 to 0.65). The
TAM PU scale (4 items; Venkatesh and Bala 2008) yielded
a very high Cronbach’s a value, for which DeVellis and
Thorpe (2022) would encourage shortening the scale due
to potential redundancies. The reliability of our Objective
Knowledge assessment (10 distinct multiple-choice knowl-
edge items, difficulty index ranging from 0.20 to 0.94) was
low in terms of internal consistency. We selected these 10
items with different knowledge types and training topics
from a larger question pool evaluated in a pilot study. We
expected a low internal consistency when applying diverse
knowledge items that typically do not measure the same
underlying construct (Taber 2018). Considering this and the
widespread utilization of the aforementioned three scales
in their original form, we did not modify the constructs or
shorten individual items for the analysis.

3.2 Control variables

Before addressing the research questions, we examined
whether the groups differed in demographics, experience,
and prior knowledge using one-way between-subjects ANO-
VAs. We did not find significant differences between the five
participant groups (four experimental groups and one con-
trol group) regarding age, F(4, 157)=0.03, p=0.998, years
of CBS working experience F(4, 157)=0.78, p=0.544,
average hours per month worked in CBS F(4, 157)=0.58,
p=0.679, or Preknowledge of 3D CT technology F(4,
157)=0.42, p=0.791. x? tests yielded no significant differ-
ences between the five groups regarding the proportion of
men and women, x2(4, n=162)=2.48, p=0.649, or experi-
ence with VR, x?(4, n=162)=6.76, p=0.149. Five persons
reported a sense of discomfort after the multimedia lesson.
However, this aspect did not differ between the experimen-
tal groups, x2(3, n=130)=3.86, p=0.276.

We also inspected the time spent by the participants to
finish the lesson (Table 2). As expected, participants in the
segmented conditions took more time to complete the learn-
ing content than in the continuous condition (all ps<0.001;
t-tests, one-tailed) and for each of the relevant content seg-
ments (segment 1 to 13; for 2D video groups, all ps<0.001;
for HMD VR groups, all ps<0.05; ¢-tests, one-tailed).

3.3 Effects of media type and segmentation on
knowledge

To evaluate the effectiveness of the training, we first
examined whether the multimedia lesson affected Objec-
tive Knowledge after experiencing it. A one-way ANOVA
revealed a significant difference between the groups: F(4,
157)=5.55, p<0.001. Compared to the control group

Table 1 Psychometric properties
for the scales and subscales

"Due to the dichotomous nature
of the data, the computation is
equivalent to the KR20 formula
CL, cognitive load; ICL,
Intrinsic Cognitive Load; ECL,
Extraneous Cognitive Load;
GCL, Germane Cognitive Load;
TAM, Technology Acceptance
Model; PU, Perceived Useful-
ness; PEOU, Perceived Ease of
Use; BI, Behavioral Intention

Scales n M SD Cron-
bach’s
o
Preknowledge (analogous to Moreno and Mayer 1999, p. 361) 162 2.54 1.49 0.85
Objective Knowledge (10 items, correct [1]/incorrect [0]; max. 162 5.81 1.73 0.33!
sum-score: 10)
Subjective Knowledge Gain (3 items; Ritzmann et al. 2014) 130 5.48 1.21 0.89
CL, each subconstruct measured with two scales
ICL (4 items; Leppink et al. 2014) 130 3.47 1.35 0.89
ICL (2 items; Klepsch et al. 2017) 130 3.49 1.42 0.78
ECL (4 items; Leppink et al. 2014) 130 1.74 0.82 0.65
ECL (3 items; Klepsch et al. 2017) 130 2.31 1.17 0.86
GCL (5 items; Leppink et al. 2014) 130 4.95 1.05 0.82
GCL (3 items; Klepsch et al. 2017) 130 4.75 1.24 0.63
Interest/Enjoyment (7 items; McAuley et al. 1991) 130 5.96 0.81 0.73
TAM
PU (4 items; Venkatesh and Bala 2008) 130 5.60 1.36 0.96
PEOU (4 items; Venkatesh and Bala 2008) 130 591 1.11 0.82
BI (3 items; Venkatesh and Bala 2008) 130 5.93 1.31 0.83
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(without training; M=4.72, SD=1.73), all experimental
groups achieved significantly higher scores (all ps<0.05;
t-tests, one-tailed).

We then explored the impact of the two IVs (media type,
segmentation) on post-training Objective Knowledge for
the experimental groups with a two-way between-subjects
ANOVA. While these ratings did not depend on the media
type, we found a significant main effect for segmentation on
Objective Knowledge (Table 3). Participants experiencing
a continuous multimedia lesson achieved better Objective
Knowledge scores (M=6.40, SD=1.60) than the segmented
groups (M=5.75, SD=1.61). The ANOVA vyielded no sig-
nificant interaction between media type and segmentation.
No significant main or interaction effects were found for the
Subjective Knowledge Gain scale.

3.4 Effects of media type and segmentation on
cognitive load

We examined the effects of media type and segmentation
on all three types of CLs (ICL, ECL, GCL) by two-way
between-subjects ANOVAs (Table 4) using the measures
from Leppink et al. (2014) and Klepsch et al. (2017). While
no significant main or interaction effects were yielded for
ICL and ECL, the media type showed a main effect for both
measures applied for GCL. For the measure of Leppink et

Table 2 Durations of the learning unit and individual segments in seconds

al. (2014), participants in the 2D video groups (low inter-
action and display fidelity; M=5.15, SD=0.93) reported
higher GCL than those in the HMD VR groups (high inter-
action and display fidelity; M=4.75, SD=1.12). Similarly,
participants experiencing the content as a 2D video rated
the GCL measure of Klepsch et al. (2017) higher (M=4.97,
SD=1.14) than participants using HMD VR (M=4.53,
SD=1.31). No significant main effect on segmentation or
interactions between media type and segmentation was
found for either GCL scale.

To gain a better understanding of the two CL measures,
we also examined the correlations for each of the corre-
sponding measures from Leppink et al. (2014) and Klepsch
et al. (2017). For all three aspects of CL, the measure pairs
correlated positively: strong for ICL, #(128)=0.61, moder-
ate for ECL, r(128)=0.46, and strong for GCL, (128)=0.53
(all ps<0.001).

3.5 Effects of media type and segmentation on
interest/enjoyment

Considering the seven-point Likert scale, the participants of
all groups generally rated the Interest/Enjoyment scale high
(ranging from M=5.87 to M=6.12; Table 5). No significant
main effects or interactions between media type and seg-
mentation were observed.

Continuous Segmented

2D video HMD VR 2D video HMD VR

M SD M SD M SD M SD
Introduction 27.21 0.01 95.98 13.68 77.66 2.13 127.65 9.64
Learning content 644.53 0.05 644.70 0.05 700.42 7.75 701.25 24.45
Segment 1 38.20 0.01 38.20 0.01 44.61 1.86 45.01 4.42
Segment 2 27.91 0.01 27.91 0.02 31.83 1.25 32.54 5.85
Segment 3 56.20 0.01 56.20 0.01 62.56 1.63 62.32 0.47
Segment 4 62.20 0.00 62.20 0.01 66.28 1.37 65.46 0.57
Segment 5 39.20 0.00 39.20 0.01 42.85 0.81 42.35 0.43
Segment 6 38.20 0.01 38.20 0.01 41.80 0.72 42.00 091
Segment 7 39.19 0.01 39.20 0.01 42.71 0.80 42.50 0.53
Segment 8 56.40 0.02 56.40 0.02 60.63 1.00 60.56 0.84
Segment 9 61.89 0.01 62.03 0.02 66.42 2.17 65.92 0.90
Segment 10 79.42 0.01 79.42 0.02 83.05 1.65 82.77 0.73
Segment 11 45.19 0.01 45.20 0.01 49.54 1.15 48.84 1.23
Segment 12 45.59 0.02 45.59 0.02 49.39 1.18 52.73 22.00
Segment 13 34.92 0.02 34.92 0.02 38.70 0.78 38.21 0.63
Segment 14 20.04 0.01 20.04 0.01 20.04 0.01 20.04 0.01

The introduction was tailored for the four conditions, focusing on the aim of the lesson and specific use aspects (e.g., the narration asked the
VR groups to look around and guided the segmented groups on how to use their interaction modality). The durations for the segmented groups
include the content presentation and the time the user took to start the subsequent segment. Segment 14 concluded seamlessly without interac-
tion for the segmented groups (a prompt asked the VR groups to remove their HMD), resulting in similar durations over all conditions

The small differences of 0.01 to 0.05 in SD resulted from small dissimilarities in the loading times caused by the real-time execution of the com-
piled Unity applications and the time resolution of the logged time stamps. Discrepancies in the sums are due to rounding to two decimal places
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Table 3 Means, Standard Deviations, and two-way ANOVA statistics for knowledge

Variable Segmentation ANOVA
Continuous Segmented
M SD M SD Effect F(1, 126) 7,
Objective Knowledge
MT: 2D video 6.50 1.81 5.97 1.62 MT 1.21 0.01
MT: HMD VR 6.30 1.38 5.55 1.60 Segmentation 5.21% 0.04
MT x segmentation 0.16 0.00
Subjective Knowledge Gain (Ritzmann et al. 2014)
MT: 2D video 5.80 0.98 5.57 1.28 MT 3.90 0.03
MT: HMD VR 5.13 1.40 5.41 1.09 Segmentation 0.02 0.00
MT x segmentation 1.48 0.01
n=130. ANOVA, analysis of variance; MT, media type; HMD VR, head-mounted display virtual reality
Bolded values indicate statistical significance (¥p <.05)
Table 4 Means, Standard Deviations, and Two-Way ANOVA statistics for cognitive load
Variable Segmentation ANOVA
Continuous Segmented
M SD M SD Effect F(1,126) 7,
ICL (Leppink et al. 2014)
MT: 2D video 3.43 1.55 3.36 1.25 MT 0.34 0.00
MT: HMD VR 341 1.33 3.66 1.29 Segmentation 0.14 0.00
MT x Segmentation 0.45 0.00
ICL (Klepsch et al. 2017)
MT: 2D video 3.61 1.61 3.55 1.41 MT 0.50 0.00
MT: HMD VR 3.15 1.33 3.65 1.34 Segmentation 0.77 0.01
MT x Segmentation 1.27 0.01
ECL (Leppink et al. 2014)
MT: 2D video 1.72 0.70 1.69 0.79 MT 0.25 0.00
MT: HMD VR 1.80 1.02 1.76 0.79 Segmentation 0.06 0.00
MT x Segmentation 0.00 0.00
ECL (Klepsch et al. 2017)
MT: 2D video 2.25 1.02 2.00 091 MT 3.29 0.03
MT: HMD VR 2.34 1.43 2.65 1.21 Segmentation 0.02 0.00
MT x Segmentation 1.84 0.01
GCL (Leppink et al. 2014)
MT: 2D video 5.20 1.02 5.10 0.83 MT 4.85* 0.04
MT: HMD VR 4.73 1.08 4.77 1.18 Segmentation 0.02 0.00
MT x Segmentation 0.15 0.00
GCL (Klepsch et al. 2017)
MT: 2D video 5.02 1.10 4.93 1.19 MT 4.32% 0.03
MT: HMD VR 4.35 1.41 4.70 1.19 Segmentation 0.33 0.00
MT x Segmentation 1.03 0.01

n=130. ANOVA, analysis of variance; ICL, Intrinsic Cognitive Load; ECL, Extraneous Cognitive Load; GCL, Germane Cognitive Load; MT,

media type; HMD VR, head-mounted display virtual reality

Bolded values indicate statistical significance (*p<.05)

3.6 Effects of media type and segmentation on
technology acceptance

We analyzed the three core constructs of the TAM. No main
effects or interactions between display type and segmenta-
tion were found for PU, PEOU, or BI. Given the seven-point
Likert scale, participants in the four experimental groups

rated the three core technology acceptance constructs as
high (Table 6).

We finally examined the associations of Interest/
Enjoyment with the three measured TAM constructs: PU,
PEOU, and BI. For the 2D video groups, Interest/Enjoy-
ment showed a strong positive correlation with PU at
r(62)=0.54, p<0.001, and BI at r(62)=0.52, p<0.001,
as well as a small correlation with PEOU at r(62)=0.25,
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Table 5 Means, Standard Deviations, and two-way ANOVA statistics for Interest/Enjoyment
Variable Segmentation ANOVA
Continuous Segmented
M SD M SD Effect F(1, 126) 7,
Interest/Enjoyment
MT: 2D video 5.88 0.82 591 0.64 MT 1.02 0.01
MT: HMD VR 5.95 0.79 6.12 0.96 Segmentation 0.47 0.00
MT x Segmentation 0.22 0.00
n=130. ANOVA, analysis of variance; MT, media type; HMD VR, head-mounted display virtual reality
Table 6 Means, Standard Deviations, and two-way ANOVA statistics for technology acceptance
Variable Segmentation ANOVA
Continuous Segmented
M SD M SD Effect F(1, 126) n2,
TAM PU
MT: 2D video 5.89 1.19 5.56 1.27 MT 1.16 0.01
MT: HMD VR 5.47 1.54 5.47 1.41 Segmentation 0.47 0.00
MT x Segmentation 0.47 0.00
TAM PEOU
MT: 2D video 5.73 1.22 6.04 1.05 MT 0.07 0.00
MT: HMD VR 5.92 1.14 5.95 1.04 Segmentation 0.81 0.01
MT x Segmentation 0.49 0.00
TAM BI
MT: 2D video 6.01 1.39 6.00 1.01 MT 0.46 0.00
MT: HMD VR 5.72 1.55 5.98 1.27 Segmentation 0.30 0.00
MT x Segmentation 0.35 0.00

n=130. ANOVA, analysis of variance; TAM, Technology Acceptance Model; PU, Perceived usefulness; PEOU, Perceived Ease of Use; BI,
Behavioral Intention; MT, media type; HMD VR, head-mounted display virtual reality

p=0.050. Additionally, for HMD VR groups, strong posi-
tive correlations with PU at »(64)=0.60, p<0.001, and with
BI at r(64)=0.53, p<0.001, as well as a medium correla-
tion with PEOU at r(64)=0.36, p=0.003 were computed.

4 Discussion

We evaluated the potential benefits of immersive VR for
learning with high ecological validity and relevance to the
organizational context. We developed a multimedia les-
son as 2D video and HMD VR module for airport secu-
rity officers to give them introductory training on 3D CT
technology and processes for baggage screening that were
introduced at their airport. We studied the effects of media
type (2D video vs. HMD VR) and segmentation (continu-
ous vs. segmented) on different dependent variables: post-
training Objective Knowledge and Subjective Knowledge
Gain, aspects of CL, Interest/Enjoyment, and technology
acceptance. The hypotheses and results are summarized in
Table 7. Contrary to previous findings, we found that seg-
menting the multimedia lesson led to significantly lower
Objective Knowledge scores in the post-training test than
in continuous instruction. While no statistically significant
difference was found for Objective Knowledge by media
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type, learning with 2D video led to significantly higher
GCL scores than with HMD VR. No significant effects were
found for ICL or ECL. Nevertheless, the CL scales by Lep-
pink et al. (2014) and Klepsch et al. (2017) yielded compa-
rable results. No significant effects were found for media
type or segmentation on the Interest/Enjoyment and TAM
variables. However, we found strong correlations between
Interest/Enjoyment and PU, as well as between Interest/
Enjoyment and BI, which is in line with the literature. In the
following sections, we discuss these results in the context of
relevant literature before addressing limitations and further
research and concluding remarks.

4.1 Segmentation influences Objective Knowledge

The experimental groups showed significantly higher
Objective Knowledge scores than the control group. These
results support hypothesis 1, which was that the multime-
dia lesson created provides participants with introductory
information about 3D CT imaging systems aiding airport
security screeners in acquiring new knowledge. Learners
experiencing the continuous multimedia lesson achieved
significantly higher Objective Knowledge scores than learn-
ers experiencing the learning content in segmented condi-
tions. This result does not support our hypothesis 2 and also
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Table 7 Hypotheses and results

No Hypothesis Result

1 Objective knowledge: experimental Confirmed
groups > control group

2 Objective knowledge: Rejected;

continuous <segmented opposite effect

3 ICL: continuous>segmented Rejected; not
significant

4 ECL: 2D video<HMD VR Rejected; not
significant

5 ECL: continuous <segmented Rejected; not
significant

6 GCL: 2D video>HMD VR Confirmed

7 GCL: continuous <segmented Rejected; not
significant
8 Interest/enjoyment: 2D video<HMD VR Rejected; not
significant
9a Interest/enjoyment correlates with PU in 2D Confirmed
video condition
9b Interest/enjoyment correlates with PU in Confirmed
HMD VR condition
10a  Interest/enjoyment correlates with Bl in 2D Confirmed
video condition
10b  Interest/enjoyment correlates with BI in Confirmed

HMD VR condition

ICL, Intrinsic Cognitive Load; ECL, Extraneous Cognitive Load;
GCL, Germane Cognitive Load; HMD VR, head-mounted display
virtual reality; PU, Perceived Usefulness; BI, Behavioral Intention

previous findings reported in a number of studies (e.g., Bou-
cheix and Guignard 2005; Hasler et al. 2007; Moreno 2007,
Parong and Mayer 2018). A possible reason for our result
may be that learners with higher levels of prior knowledge
of a subject matter do not benefit from segmenting the learn-
ing material to the same degree as learners with little or no
prior knowledge or might even be hampered by segmenta-
tion (Boucheix and Guignard 2005; Spanjers et al. 2010).
However, this does not seem plausible for our sample due
to several reasons: First, our participants did not have prior
experience of 3D CT baggage screening. Second, the control
group in our study answered only about half of the Objec-
tive Knowledge questions correctly, which indicates limited
prior knowledge. Third, participants rated their Preknowl-
edge of 3D CT technology as rather low (M =2.54 across all
participants; 7-point Likert scale). Moreover, one could also
argue that contextual knowledge may have been substan-
tial enough to influence the effectiveness of segmentation
and thereby result in our finding that continuous conditions
resulted in higher objective knowledge than the segmented
conditions. When comparing media types, our results did
not yield a significant effect on Objective Knowledge. This
means that in our study, the use of HMD VR did not result in
superior acquisition of factual, conceptual, and procedural
knowledge compared to 2D video. This may be attributed
to the technology’s high interaction and display fidelity,
which may negatively influence learners’ attention (Parong

and Mayer 2020). Our findings align with those of previous
studies (e.g., Webster 2016; Makransky et al. 2019a, 2021;
Parong and Mayer 2020; Baceviciute et al. 2022), which
underscore the complex interplay of media types and learn-
ing processes. Analogous to Makransky et al. (2019b), we
did not find a significant difference in Subjective Knowl-
edge Gain when learning with HMD VR compared to video
on a 2D display screen. Similarly, no significant difference
in Subjective Knowledge Gain was found when comparing
the continuous and segmented lessons.

4.2 Media type influences Germane Cognitive Load

Our hypothesis 6 was confirmed, learners reported higher
GCL when experiencing a multimedia lesson as video on a
2D screen display (low interaction and display fidelity) than
when experiencing a lesson with HMD VR (high interaction
and display fidelity). Based on the traditional view of GCL,
the results indicate that participants in the 2D video groups
invested more cognitive resources in constructing, process-
ing, and automating mental models or schemas than those
in the HMD VR groups (Klepsch et al. 2017; Klepsch and
Seufert 2020). Interestingly, similar results have been found
for the scale of Leppink et al. (2014). Following the recon-
ceptualized notion of GCL, for which we did not formulate
a hypothesis due to a lack of studies, our findings suggest
that more germane cognitive resources were allocated to
deal with the complexity of the learning material (Leppink
et al. 2014). However, no statistically significant differences
in GCL scores were found on segmentation, which rejects
hypothesis 7. The ICL did not differ significantly for either
IV or either instrument. While these findings are in line
with the literature on media type and therefore emphasize
the similarly perceived difficulty of the learning material by
the participants of our study, they are not consistent with
hypothesis 3 formulated for segmentation. Perhaps partici-
pants in our study had no need for the learning material to be
segmented to reduce its complexity and aid in managing ICL
(e.g., Mayer and Moreno 2010; Noetel et al. 2022). Regard-
ing ECL, the mean scores for the instruments by Leppink et
al. (2014) and Klepsch et al. (2017) were low on all condi-
tions (M <2.65 on a 7-point Likert scale). Parong and Mayer
(2020) argued that HMD VR (with the possibility to look
around and interact with 3D objects), along with extraneous
sounds and animations, is linked to moving attention away
from the instructional material, thus increasing ECL. Inter-
estingly, our findings do not show a significant main effect
on media type, rejecting hypothesis 4. In our study, we con-
sidered recommendations for instructional design (Mayer
2021) in the multimedia lesson (which may also explain
the generally low ECL values), kept aspects of sound and
instructional animations constant for all conditions, limited
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active exploration, and did not allow for complex interac-
tions with objects. Furthermore, against our hypothesis 5
(based on the assumption that increased control and agency
may negatively influence ECL; Makransky et al. 2019b,
2021), our user interactions to control learning segments
have not induced significantly higher ECL. This may be due
to its easy-to-use implementation (pressing a button with a
computer mouse or using a VR controller, respectively).

4.3 Strong correlations between Interest/
Enjoyment and technology acceptance

We found no significant effects of media type (2D video vs.
HMD VR) and segmentation (continuous vs. segmented
lesson) on Interest/Enjoyment (thus, rejecting hypothesis
8) and technology acceptance. This could be due to ceiling
effects (e.g., Austin and Brunner 2003) for all experimental
conditions (on a Likert scale ranging from 1 to 7; Interest/
Enjoyment: M >5.88; PU: M>5.47, PEOU: M>5.73; BI:
M=>5.72). As this study focused on outcome variables suited
for organizational and professional settings rather than those
suited for the educational sector, as numerous studies have
before (Radianti et al. 2020; Wu et al. 2020; Di Natale et
al. 2020; Pellas et al. 2021; Hamilton et al. 2021; Villena-
Taranilla et al. 2022; Coban et al. 2022; Rojas-Sanchez et
al. 2023), our findings illustrate the complexity of profes-
sional contexts. However, our data supports hypotheses 9a
and 10a (for 2D video; PU, BI, respectively) as well as 9b
and 10b (for HMD VR; PU, BI, respectively) for a strong
relationship between Interest/Enjoyment and the core TAM
constructs reported in recent literature. We found a strong
positive correlation for both media types: between Interest/
Enjoyment and PU, as well as between Interest/Enjoyment
and BI. Furthermore, a medium positive correlation was
found between Interest/Enjoyment and PEOU for 2D video
as well as for HMD VR.

4.4 Comparable cognitive load scales of Leppink et
al. (2014) and Klepsch et al. (2017)

When comparing the instruments by Leppink et al. (2014)
and Klepsch et al. (2017) for measuring and interpreting
ICL, ECL, and GCL, our results show moderate to strong
positive correlations for all three types of CL. Additionally,
our findings on CL do not provide evidence for the theo-
retically argued benefit of the traditional understanding of
CL with the instrument proposed by Klepsch et al. (2017).
Furthermore, one scale of each instrument computes in
low reliability. These findings are worth following up in
future research. They indicate that both instruments may
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be employed independently of which understanding of CL
is adopted (cf. Duran et al. 2022; Krieglstein et al. 2022).
While Klepsch et al. (2017) argue that their instrument reli-
ably measures the three-factor structure of CL and is easier
to adopt than the scales of Leppink et al. (2014), we are
in agreement with Klepsch et al. (2017) that both question-
naires should be considered to advance theory building of
CL (see also Sweller 2023; Martella et al. 2024).

4.5 Practical implications

In line with previous studies (Makransky et al. 2019a; Zhao
et al. 2020; Makransky and Klingenberg 2022), our data
suggest that HMD VR sparks Interest/Enjoyment in learn-
ers as well as high technology acceptance scores. This can
be favorable, especially when instruction aims to motivate
and excite learners about new subject matter. However, sup-
pose that the organizational status quo does not yet include
state-of-the-art learning media or technology. In this case,
similar positive effects may be produced by the introduc-
tion of other, less novel, or immersive learning media, as
the high scores for Interest/Enjoyment and TAM constructs
for 2D videos show. Moreover, our results indicate that 2D
video experiences are more cost-effective and offer greater
utility when the goal is to convey declarative and procedural
knowledge to employees.

Regarding segmentation, our study neutralizes the notion
that simply adding a design measure, such as segmenting
learning content, will benefit learning outcomes, as sug-
gested by previous studies (e.g., Mayer et al. 2018). This
underlines the importance of further advancing the under-
standing of the effectiveness of CTML principles (Mayer
2021) for HMD VR, as their application with current VR
technology needs further research (Ceken and Tagkin 2022).
Therefore, instructional designers should carefully consider
instructional goals, multimedia parameters, and learners’
characteristics when implementing such a design principle
to maximize educational value. It may be favorable to use
continuous lessons for learners with high levels of prior
knowledge (e.g., Tobias 1994; Dochy et al. 1999; Hailikari
et al. 2008; Spanjers et al. 2011; Delgado and Mayer 2025)
or when conveying knowledge through a novel medium
(Ahn et al. 2022; Klingenberg et al. 2022).

4.6 Limitations and future research

Considering our results, the instructional content of our
multimedia lesson was manageable in complexity, given
the screeners’ prior implicit knowledge and expertise in the
context of airport security. On the one hand, however, the
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content covered a wide range of the knowledge dimensions
specified by Anderson et al. (2001): factual, conceptual, and
some procedural knowledge. On the other hand, our final
version of the Objective Knowledge test mainly focused
on remembering and understanding, which are only the
first two levels according to the cognitive process dimen-
sions of Anderson et al. (2001; 1. remember, 2. understand,
3. apply, 4. analyze, 5. evaluate, 6. create). Thus, evaluat-
ing the effects of media type and segmentation with more
advanced learning content and knowledge items covering
higher cognitive processes would be interesting. In addition,
we examined only an introductory multimedia lesson (the
actual learning content was delivered in under 11 min); it
would be interesting to determine in a study analogous to
ours what effect the duration of lessons and learning seg-
ments has on learning outcomes, cognitive and affective
aspects, and technology acceptance. We argued that the
multimodal richness (specifically high interaction and dis-
play fidelity) provided by HMD VR and the control interac-
tions in the segmented groups would lead to higher ECL
(hypothesis 4, 5). However, our current data and analyses
do not show such effects. To further explore this aspect,
conducting follow-up experiments with conditions varying
in levels of multimodal richness (e.g., still images instead
of animations) and implementing only distinct aspects of
fidelity would allow a better understanding from a scientific
point of view. To keep the learning experience conditions
comparable, we did not implement any complex interactions
other than controlling the start of the next learning segment
(for the segmented conditions only). However, a key feature
of immersive VR with tracked hand input devices (cf. Kim
et al. 2020) is the ability to explore and naturally interact
with the virtual environment (e.g., Spittle et al. 2023). Our
findings for HMD VR are transferable to VR experiences
in professional contexts with high interactivity and display
fidelity (e.g., looking around, stereoscopic display) but not
necessarily to applications that allow active exploration and
interaction with objects in the virtual environment. Thus,
evaluating such interactions embedded in the instructional
design would allow a better understanding of these effects.
Based on our findings, it could be argued that the basic inter-
actions implemented in our study hinder acquiring simple,
declarative knowledge. Accordingly, a noteworthy research
question would be whether alternative forward commands
(e.g., with a click on a keyboard, by voice command) would
be more beneficial by potentially reducing extraneus cogni-
tive load and enhancing the efficiency of declarative knowl-
edge acquisition. Since we evaluated knowledge acquisition
immediately after the presentation of the learning content,
it would also be interesting to see how our narrative, con-
text-rich multimedia lessons would perform for knowledge

retention (e.g., after several weeks; Lovreglio et al. 2021)
and knowledge transfer (cf., Calvert and Hume 2023), as
well as when embedded in a broader didactic approach (e.g.,
Buchner 2023). Finally, since a possible explanation for the
high values of Interest/Enjoyment or technology acceptance
scores (presumed ceiling effects) could be related to a gen-
erally high interest in new learning technologies in our spe-
cific sample (given the voluntary nature of participation),
further studies in the practical field would be valuable.

5 Conclusion

In a 2 x 2 between-subjects design, we evaluated the effects
of media type (2D video vs. HMD VR; low vs. high inter-
action and display fidelity, respectively) and segmenta-
tion (continuous vs. segmented), with the learning content
equivalent across all four conditions. Objective Knowledge
was significantly higher for participants experiencing the
learning content in the continuous conditions than for those
in the segmented conditions. Regarding cognitive load, we
observed a main effect of the media type: Users experienc-
ing the multimedia lesson as a 2D video rated GCL signifi-
cantly higher than with HMD VR; similar for both scales
aiming to assess distinct CLs. Depending on the understand-
ing of GCL, this finding indicates that learners in 2D video
groups either invested more germane cognitive resources for
the formation and regulation of mental models and schemas
(scale by Klepsch et al. 2017) or to deal with the complexity
of the learning material than those in the HMD VR groups
(scale by Leppink et al. 2014). Further exploratory evalua-
tions revealed moderate to strong correlations between two
widely applied CL survey instruments (Leppink et al. 2014;
Klepsch et al. 2017) despite their partly different conceptu-
alizations. However, we did not find significant effects of
the media and segmentation types on Subjective Knowledge
Gain, Interest/Enjoyment, and the core TAM (Venkatesh
and Bala 2008) constructs (PU, POEU, BI). Nevertheless,
strong correlations were found between Interest/Enjoyment
and PU, as well as between Interest/Enjoyment and BI,
supporting the current literature on technology acceptance.
These results provide valuable insights for the practical
implementation of instructional VR applications and high-
light the need for further evaluation of learning applications
utilizing current VR technology.

Appendix

See Table 8.
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Table 8 Subjective rating scales used in the current study

Scale

English

German translation (used in the current study)

Self-rated prior knowledge (cf. Moreno and Mayer 1999, p. 361)

Preknowledge

Preknowledge
Preknowledge

I know the technological developments from the first
X-ray scanners to 3D CT machines

I know the functioning of 3D CT technology

I know the software functions of 3D CT technology for
the area of cabin baggage screening

Simulator sickness (cf. Chang et al. 2021, p. 4)

Simulator sickness

Did you experience discomfort from the learning system

at any time during the experience?
If yes: Please describe your discomfort

Ich kenne die technologischen Entwicklungen von den
ersten Rontgenscannern bis hin zu 3D-CT-Maschinen
Ich kenne die Funktionsweise von 3D-CT-Technologie
Ich kenne die Softwarefunktionen von 3D-CT-Technolo-
gie fiir den Bereich der Handgepéckkontrollen

Haben Sie wihrend des Erlebnisses zu irgendeinem Zeit-
punkt Unwohlsein durch das Lernsystem verspiirt?
Falls ja: Bitte beschreiben Sie Ihr Unwohlsein

Training evaluation inventory (Ritzmann et al. 2014, p. 68); both English and German translations are provided in the original literature

Subjective knowledge
gain
Subjective knowledge
gain
Subjective knowledge
gain

I have the impression that my knowledge has expanded
on a long-term basis

I will be able to remember the new themes well

I think that I will still be able to report what I learned
some time after [the learning unit]

Cognitive load (Leppink et al. 2014, p. 37)

Intrinsic cognitive load
Intrinsic cognitive load

Intrinsic cognitive load
Intrinsic cognitive load
Extraneous cognitive

load

Extraneous cognitive
load

Extraneous cognitive
load

Extraneous cognitive
load

Germane cognitive load
Germane cognitive load
Germane cognitive load

Germane cognitive load

Germane cognitive load

The content of [this learning unit] was very complex
The problems covered in [this learning unit] were very
complex

In [this learning unit], very complex terms were
mentioned

I invested a very high mental effort in the complexity of
[this learning unit]

The explanations and instructions in [this learning unit]
were very unclear

The explanations and instructions in [this learning unit]
were full of unclear language

The explanations and instructions in [this learning unit]
were, in terms of learning, very ineffective

I invested a very high mental effort in unclear and inef-
fective explanations and instructions in [this learning
unit]

[This learning unit] really enhanced my understanding
of the content that was covered

[This learning unit] really enhanced my understanding
of the problems that were covered

[This learning unit] really enhanced my knowledge of
the terms that were mentioned

[This learning unit] really enhanced my knowledge and
understanding of how to deal with the problems covered
Iinvested a very high mental effort during [this learning
unit] in enhancing my knowledge and understanding

Ich habe den Eindruck, mein Wissen hat sich langfristig
erweitert

Ich werde mir die neuen Themen gut merken kdnnen

Ich denke, ich werde auch einige Zeit nach [der Lernein-
heit] noch berichten konnen, was ich gelernt habe

Der Inhalt [dieser Lerneinheit] war sehr komplex

Die behandelten Themen in [dieser Lerneinheit] waren
sehr komplex

In [dieser Lerneinheit] wurden sehr komplexe Aus-
driicke erwéhnt

Ich investierte sehr viel mentale Anstrengung in die
Komplexitit [dieser Lerneinheit]

Die Erklarungen und Anweisungen in [dieser Lernein-
heit] waren sehr unklar

Die Erklarungen und Anweisungen in [dieser Lernein-
heit] waren voll von unklarer Sprache

Die Erkldrungen und Anweisungen in [dieser Lernein-
heit] waren, bezogen auf das Lernen, sehr ineffektiv
Ich investierte sehr viel mentale Anstrengung in unklare
und ineffektive Erkldrungen in [dieser Lerneinheit]
investiert

[Diese Lerneinheit] erweiterte mein Verstiandnis des
behandelten Inhalts

[Diese Lerneinheit] erweiterte mein Verstandnis der
behandelten Themen

[Diese Lerneinheit] erweiterte mein Wissen tiber die
erwahnten Begriffe

[Diese Lerneinheit] erweiterte mein Wissen und Verstin-
dnis iiber den Umgang mit den behandelten Themen
Ich investierte sehr viel mentale Anstrengung wahrend
[dieser Lerneinheit] in das Erweitern meines Wissens
und Verstdndnisses

Cognitive load (Klepsch et al. 2017, p. 10); both English and German translations are provided in the original literature

Intrinsic cognitive load

Intrinsic cognitive load

Extraneous cognitive
load

Extraneous cognitive
load

Extraneous cognitive
load

Germane cognitive load

For [this learning unit], many things needed to be kept
in mind simultaneously

[This learning unit] was very complex

During [this learning unit], it was exhausting to find the
important information

The design of [this learning unit] was very inconvenient
for learning

During [this learning unit], it was difficult to recognize
and link the crucial information

I made an effort, not only to understand several details,
but to understand the overall context

Bei [der Lerneinheit] musste man viele Dinge gleichze-
itig im Kopf bearbeiten

[Diese Lerneinheit] war sehr komplex

Bei [dieser Lerneinheit] ist es mithsam, die wichtigsten
Informationen zu erkennen

Die Darstellung bei [dieser Lerneinheit] ist ungiinstig,
um wirklich etwas zu lernen

Bei [dieser Lerneinheit] ist es schwer, die zentralen
Inhalte miteinander in Verbindung zu bringen

Ich habe mich angestrengt, mir nicht nur einzelne Dinge
zu merken, sondern auch den Gesamtzusammenhang zu
verstehen
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Table 8 (continued)

Scale English

German translation (used in the current study)

Germane cognitive load
understand everything correct
Germane cognitive load
comprehension of [the learning material]

My point while dealing with [this learning unit] was to

[The learning unit] consisted of elements supporting my

Es ging mir beim Bearbeiten [der Lerneinheit] darum,
alles richtig zu verstehen

[Die Lerneinheit] enthielt Elemente, die mich unterstiit-
zen, [den Lernstoff] besser zu verstehen

Intrinsic motivation inventory (McAuley et al. 1991, p. 145; modified tense)

Interest/enjoyment I enjoyed doing [this learning unit] very much
Interest/enjoyment [This learning unit] was fun to do

Interest/enjoyment* I thought this was a boring [learning unit]
Interest/enjoyment* [This learning unit] did not hold my attention at all
Interest/enjoyment I would describe [this learning unit] as very interesting
Interest/enjoyment I thought [this learning unit] was quite enjoyable
Interest/enjoyment While I was doing [this learning unit], I was thinking

about how much I enjoyed it
Technology acceptance model (Venkatesh and Bala 2008, pp. 313-314)
Perceived usefulness
ing performance]
Perceived usefulness
ing productivity]
Perceived usefulness
ing effectiveness]
Perceived usefulness
[learning]
Perceived ease of use
understandable

Perceived ease of use
a lot of my mental effort

Perceived ease of use
Perceived ease of use
want it to do
Behavioral intention
intend to use it
Behavioral Intention
predict that I would use it
Behavioral intention
months

Using [the learning medium] would improve my [learn-
Using [the learning medium] would increase my [learn-
Using [the learning medium] would enhance my [learn-
I find [the learning medium] would be useful for

My interaction with [the learning medium] is clear and
Interacting with [the learning medium] does not require

I find [the learning medium] to be easy to use
I find it easy to get [the learning medium] to do what |

Assuming I had access to [the learning medium], 1
Given that I had access to [the learning medium], 1

I plan to use [the learning medium] again in the coming

[Die] absolvierte [Lerneinheit] hat mir sehr gefallen
[Die Lerneinheit] hat Spass gemacht

Ich dachte dies war eine langweilige [Lerneinheit]
[Diese Lerneinheit] konnte meine Aufmerksamkeit gar
nicht halten

Ich wiirde [diese Lerneinheit] als sehr interessant
beschreiben

Ich dachte [diese Lerneinheit] war ziemlich unterhaltsam
Wahrend ich [diese Lerneinheit] machte, dachte ich
dartiber nach, wie sehr sie mir gefiel

Die Nutzung [des Lernmediums] wiirde meine [Lernleis-
tung] verbessern

Die Nutzung [des Lernmediums] wiirde meine [Produk-

tivitit beim Lernen] erhhen

Die Nutzung [des Lernmediums] wiirde meine [Effektiv-
itdt beim Lernen] erhohen

Ich finde [das Lernmedium] wére niitzlich zum [Lernen]

Der Umgang mit [dem Lernmedium] ist fiir mich klar
und versténdlich

Die Beniitzung [des Lernmediums] erfordert von mir
keine grosse mentale Anstrengung

Ich finde [das Lernmedium] ist einfach zu benutzen
Ich finde [das Lernmedium] macht ohne Probleme das,
was ich mochte

Angenommen ich habe Zugang [zum Lernmedium],
dann beabsichtige ich es zu nutzen

Wenn ich Zugang [zum Lernmedium] hétte, sage ich
voraus, dass ich es nutzen wiirde

Ich plane [das Lernmedium] in den kommenden
Monaten wieder zu nutzen

Reverse-coded items are marked with an asterisk; formulations deviating from the original questionnaires of the authors mentioned are marked

with square brackets

Acknowledgements We thank Lea Miiller for her support in the exten-
sive literature research, Piet Baumgartner for his contributions to the
multimedia lesson narration, Dominic Platten for his excellent 3D
modeling artwork, Elia Carrara (lead VR programmer) and Benjamin
Herzog (VR programmer) for their remarkable technical implementa-
tions, and Samuel De Monaco for the systematic testing of the applica-
tions.

Author contributions T.W. and K.K. contributed equally to this paper
and share the first authorship. All authors contributed to the study's
conception, design, and data analysis. K.K. and T.W. supported the
material preparation process and collected the data in the experiment.
T.W. and K.K. co-authored the first draft of the manuscript with feed-
back from A.S. All authors read and approved the submitted manu-
script.

Funding Open access funding provided by FHNW University of
Applied Sciences and Arts Northwestern Switzerland. Open access
funding provided by FHNW University of Applied Sciences and Arts

Northwestern Switzerland. The Swiss Federal Office of Civil Aviation
(FOCA) funded the project [BAZL/2017-086]. The FOCA had no role
in the design, management, collection, analysis or interpretation of the
data, preparing the manuscript, or submitting it for publication.

Data availability The analyzed data of the current study are available
from the corresponding author upon reasonable request.

Declarations
Conflict of interest The authors declare no competing interests.

Ethical approval The project and the studies were reviewed and ap-
proved by the Research Ethics Review Board of the School of Applied
Psychology, University of Applied Sciences and Arts Northwestern
Switzerland (reference number: EAaFE2019007) before the start of
data collection.

@ Springer



107 Page 20 of 24

Virtual Reality (2025) 29:107

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format,
as long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate
if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.o
rg/licenses/by/4.0/.

References

Ahir K, Govani K, Gajera R, Shah M (2020) Application on virtual
reality for enhanced education learning, military training and
sports. Augm Hum Res 5:1-9. https://doi.org/10.1007/s41133-0
19-0025-2

Ahn SJ, Nowak KL, Bailenson JN (2022) Unintended consequences
of spatial presence on learning in virtual reality. Comput Educ
186:104532. https://doi.org/10.1016/j.compedu.2022.104532

Airports Council International (2024) Certificate in Airport Security.
https://olc.aero/course/certificate-in-airport-security. Accessed 1
May 2024

Anderson LW, Krathwohl DR, Airasian PW et al (2001) A taxonomy
for learning, teaching, and assessing: a revision of Bloom’s tax-
onomy of educational objectives. Longman, New York

Austin PC, Brunner LJ (2003) Type I error inflation in the presence of
a ceiling effect. Am Stat 57:97—104. https://doi.org/10.1198/000
3130031450

Baceviciute S, Cordoba AL, Wismer P et al (2022) Investigating the
value of immersive virtual reality tools for organizational train-
ing: an applied international study in the biotech industry. J Com-
put Assist Learn 38:470-487. https://doi.org/10.1111/jcal. 12630

Beaton DE, Bombardier C, Guillemin F, Ferraz MB (2000) Guidelines
for the process of cross-cultural adaptation of self-report mea-
sures. Spine 25:3186-3191. https://doi.org/10.1097/00007632-2
00012150-00014

Bertram J, Moskaliuk J, Cress U (2015) Virtual training: Making real-
ity work? Comput Human Behav 43:284-292. https://doi.org/10.
1016/j.chb.2014.10.032

Bloom BS, Engelhart MD, Furst EJ et al (1956) Taxonomy of educa-
tional objectives: the classification of educational goals—hand-
book I: cognitive domain. David McKay, New York

Boucheix J-M, Guignard H (2005) What animated illustrations condi-
tions can improve technical document comprehension in young
students? Format, signaling and control of the presentation. Eur J
Psychol Educ 20:369-388. https://doi.org/10.1007/BF03173563

Buchner J (2023) Beyond media comparison: investigating when and
how learning with augmented and virtual reality works. Digit
Psychol 4:1-3. https://doi.org/10.24989/dp.v4i1s.2419

Buttussi F, Chittaro L (2018) Effects of different types of virtual real-
ity display on presence and learning in a safety training scenario.
IEEE Trans vis Comput Graph 24:1063—1076. https://doi.org/10.
1109/TVCG.2017.2653117

Calvert J, Hume M (2023) Improving student learning outcomes using
narrative virtual reality as pre-training. Virtual Real 27:2633—
2648. https://doi.org/10.1007/s10055-023-00830-y

Ceken B, Tagkin N (2022) Multimedia learning principles in different
learning environments: a systematic review. Smart Learn Envi-
ron. https://doi.org/10.1186/s40561-022-00200-2

@ Springer

Chang CH, Stoffregen TA, Tseng LY et al (2021) Control of a virtual
vehicle influences postural activity and motion sickness in pre-
adolescent children. Hum Mov Sci. https://doi.org/10.1016/j.hu
mov.2021.102832

Chang CY, Sung HY, Guo JL et al (2022) Effects of spherical video-
based virtual reality on nursing students’ learning performance in
childbirth education training. Interact Learn Environ 30:400—416.
https://doi.org/10.1080/10494820.2019.1661854

Checa D, Bustillo A (2020) A review of immersive virtual reality seri-
ous games to enhance learning and training. Multimed Tools Appl
79:5501-5527. https://doi.org/10.1007/s11042-019-08348-9

Christou C, Parker A (1995) Visual realism and virtual reality: a psy-
chological perspective. In: Carr K, England R (eds) Simulated
and virtual realities: elements of perception. Taylor & Francis,
London. https://doi.org/10.1201/9781003417149

Clark RC, Mayer RE (2024) E-learning and the science of instruction:
proven guidelines for consumers and designers of multimedia
learning, 5th edn. John Wiley & Sons

Coban M, Bolat Y1, Goksu I (2022) The potential of immersive virtual
reality to enhance learning: a meta-analysis. Educ Res Rev. https
://doi.org/10.1016/j.edurev.2022.100452

Cohen J (1988) Statistical power analysis for the behavioral sciences,
2nd edn. Psychology Press, New York. https://doi.org/10.4324/9
780203771587

European Commission (2015) Commission implementing regulation
(EU) 2015/1998 - laying down detailed measures for the imple-
mentation of the common basic standards on aviation security.
https://eur-lex.europa.cu/eli/reg_impl/2015/1998/0j. Accessed 3
Oct 2023

Cordova A (2022) Technologies for primary screening in aviation
security. J Transp Secur 15:141-159. https://doi.org/10.1007/s1
2198-022-00248-8

Cortright RN, Lujan HL, Blumberg AJ et al (2013) Higher levels
of intrinsic motivation are related to higher levels of class per-
formance for male but not female students. Adv Physiol Educ
37:227-232. https://doi.org/10.1152/advan.00018.2013

Cummings JJ, Bailenson JN (2016) How immersive is enough? A
meta-analysis of the effect of immersive technology on user pres-
ence. Media Psychol 19:272-309. https://doi.org/10.1080/15213
269.2015.1015740

Davis FD (1989) Perceived usefulness, perceived ease of use, and user
acceptance of information technology. MIS Q 13:319-339. https:
//doi.org/10.2307/249008

Deci EL, Eghrari H, Patrick BC, Leone DR (1994) Facilitating inter-
nalization: the self-determination theory perspective. J Pers
62:119-142. https://doi.org/10.1111/j.1467-6494.1994.tb00797.x

Delgado CY, Mayer RE (2025) Implementing pretraining to optimise
learning in immersive virtual reality. J Comput Assist Learn
41:1-6. https://doi.org/10.1111/jcal. 13099

DeVellis RF, Thorpe CT (2022) Scale development: theory and appli-
cations, Sth edn. SAGE, Thousand Oaks. https://doi.org/10.1111
/peps.12499

Dhar E, Upadhyay U, Huang Y et al (2023) A scoping review to assess
the effects of virtual reality in medical education and clinical care.
Digit Health 9:1-18. https://doi.org/10.1177/2055207623115802
2

Di Natale AF, Repetto C, Riva G, Villani D (2020) Immersive virtual
reality in K-12 and higher education: a 10-year systematic review
of empirical research. Br J Edu Technol 51:2006-2033. https://do
i.org/10.1111/bjet. 13030

Dochy F, Segers M, Buehl MM (1999) The relation between assess-
ment practices and outcomes of studies: the case of research on
prior knowledge. Rev Educ Res 69:145—186. https://doi.org/10.3
102/00346543069002145


https://doi.org/10.1016/j.humov.2021.102832
https://doi.org/10.1016/j.humov.2021.102832
https://doi.org/10.1080/10494820.2019.1661854
https://doi.org/10.1080/10494820.2019.1661854
https://doi.org/10.1007/s11042-019-08348-9
https://doi.org/10.1201/9781003417149
https://doi.org/10.1016/j.edurev.2022.100452
https://doi.org/10.1016/j.edurev.2022.100452
https://doi.org/10.4324/9780203771587
https://doi.org/10.4324/9780203771587
https://eur-lex.europa.eu/eli/reg_impl/2015/1998/oj
https://eur-lex.europa.eu/eli/reg_impl/2015/1998/oj
https://doi.org/10.1007/s12198-022-00248-8
https://doi.org/10.1007/s12198-022-00248-8
https://doi.org/10.1152/advan.00018.2013
https://doi.org/10.1080/15213269.2015.1015740
https://doi.org/10.1080/15213269.2015.1015740
https://doi.org/10.2307/249008
https://doi.org/10.2307/249008
https://doi.org/10.1111/j.1467-6494.1994.tb00797.x
https://doi.org/10.1111/jcal.13099
https://doi.org/10.1111/peps.12499
https://doi.org/10.1111/peps.12499
https://doi.org/10.1177/20552076231158022
https://doi.org/10.1177/20552076231158022
https://doi.org/10.1111/bjet.13030
https://doi.org/10.1111/bjet.13030
https://doi.org/10.3102/00346543069002145
https://doi.org/10.3102/00346543069002145
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1007/s41133-019-0025-2
https://doi.org/10.1007/s41133-019-0025-2
https://doi.org/10.1016/j.compedu.2022.104532
https://olc.aero/course/certificate-in-airport-security
https://doi.org/10.1198/0003130031450
https://doi.org/10.1198/0003130031450
https://doi.org/10.1111/jcal.12630
https://doi.org/10.1097/00007632-200012150-00014
https://doi.org/10.1097/00007632-200012150-00014
https://doi.org/10.1016/j.chb.2014.10.032
https://doi.org/10.1016/j.chb.2014.10.032
https://doi.org/10.1007/BF03173563
https://doi.org/10.24989/dp.v4i1s.2419
https://doi.org/10.1109/TVCG.2017.2653117
https://doi.org/10.1109/TVCG.2017.2653117
https://doi.org/10.1007/s10055-023-00830-y
https://doi.org/10.1186/s40561-022-00200-2

Virtual Reality (2025) 29:107

Page 21 0of 24 107

Duran R, Zavgorodniaia A, Sorva J (2022) Cognitive load theory in
computing education research: a review. ACM Trans Comput
Educ 22:1-27. https://doi.org/10.1145/3483843

Efendi D, Apriliyasari RW, Prihartami Massie JGE et al (2023) The
effect of virtual reality on cognitive, affective, and psychomotor
outcomes in nursing staffs: systematic review and meta-analysis.
BMC Nurs 22:170. https://doi.org/10.1186/s12912-023-01312-x

Shamy N El, Hassanein K (2017) A meta-analysis of enjoyment effect
on technology acceptance: the moderating role of technology
conventionality. In: 50th Hawaii international conference on sys-
tem sciences. pp 4139-4147. https://doi.org/10.24251/HICSS.20
17.501

Faul F, Erdfelder E, Lang A-G, Buchner A (2007) G*Power 3: a flex-
ible statistical power analysis program for the social, behavioral,
and biomedical sciences. Behav Res Methods 39:175-191. https:
//doi.org/10.3758/BF03193146

Froiland JM, Worrell FC (2016) Intrinsic motivation, learning goals,
engagement, and achievement in a diverse High School. Psychol
Sch 53:321-336. https://doi.org/10.1002/pits.21901

Fussell SG, Truong D (2022) Using virtual reality for dynamic learn-
ing: an extended technology acceptance model. Virtual Real
26:249-267. https://doi.org/10.1007/s10055-021-00554-x

Grani¢ A, Maranguni¢ N (2019) Technology Acceptance Model in
educational context: a systematic literature review. Br J Edu
Technol 50:2572-2593. https://doi.org/10.1111/bjet.12864

Hailikari T, Katajavuori N, Lindblom-Ylanne S (2008) The relevance
of prior knowledge in learning and instructional design. Am J
Pharm Educ 72:113. https://doi.org/10.5688/aj7205113

Hamilton D, McKechnie J, Edgerton E, Wilson C (2021) Immersive
virtual reality as a pedagogical tool in education: a systematic
literature review of quantitative learning outcomes and experi-
mental design. J] Comput Educ 8:1-32. https://doi.org/10.1007/s
40692-020-00169-2

Han I (2020) Immersive virtual field trips in education: a mixed-
methods study on elementary students’ presence and perceived
learning. Br J Edu Technol 51:420-435. https://doi.org/10.1111
/bjet. 12842

Hasler BS, Kersten B, Sweller J (2007) Learner control, cognitive load
and instructional animation. Appl Cogn Psychol 21:713-729. htt
ps://doi.org/10.1002/acp.1345

Holm S (1979) A simple sequentially rejective multiple test procedure.
Scand J Stat 6:65-70

Howard MC, Gutworth MB (2020) A meta-analysis of virtual real-
ity training programs for social skill development. Comput Educ
144:103707. https://doi.org/10.1016/j.compedu.2019.103707

International Air Transport Association (2024) Aviation Security
Awareness—persons implementing security controls other than
screening (e-learning). https://www.iata.org/en/training/courses/
persons-implementing-security/tscs66/en. Accessed 1 May 2024

International Civil Aviation Organization (2024) E-learning Training
Package. https://www.icao.int/Security/Security-Culture/Pages/
E-learning-Package.aspx. Accessed 1 May 2024

Jensen L, Konradsen F (2018) A review of the use of virtual reality
head-mounted displays in education and training. Educ Inf Tech-
nol. https://doi.org/10.1007/s10639-017-9676-0

Jerald J (2016) The VR book: human-centered design for virtual real-
ity. ACM, New York. https://doi.org/10.1145/2792790

Jimenez IAC, Garcia LCC, Violante MG et al (2021) Commonly used
external TAM variables in e-learning, agriculture and virtual real-
ity applications. Future Internet 13:1-21. https://doi.org/10.3390
/fi13010007

John NW, Pop SR, Day TW et al (2018) The implementation and vali-
dation of a virtual environment for training powered wheelchair
manoeuvres. IEEE Trans vis Comput Graph 24:1867—-1878. https
://doi.org/10.1109/TVCG.2017.2700273

Kaminska D, Sapinski T, Wiak S et al (2019) Virtual reality and its
applications in education: survey. Information 10:318. https://doi
.0rg/10.3390/info10100318

Kaplan AD, Cruit J, Endsley M et al (2021) The effects of virtual
reality, augmented reality, and mixed reality as training enhance-
ment methods: a meta-analysis. Hum Fact ] Hum Fact Ergon Soc
63:706-726. https://doi.org/10.1177/0018720820904229

Katz D, Hyers B, Hojsak S et al (2023) Utilization of virtual reality
for operating room fire safety training: a randomized trial. Vir-
tual Real 27:3211-3219. https://doi.org/10.1007/s10055-023-00
866-0

Kim YM, Rhiu I, Yun MH (2020) A systematic review of a virtual
reality system from the perspective of user experience. Int J Hum
Comput Interact 36:893-910. https://doi.org/10.1080/10447318.
2019.1699746

Klepsch M, Seufert T (2020) Understanding instructional design
effects by differentiated measurement of intrinsic, extraneous,
and germane cognitive load. Instr Sci 48:45-77. https://doi.org/
10.1007/s11251-020-09502-9

Klepsch M, Schmitz F, Seufert T (2017) Development and validation
of two instruments measuring intrinsic, extraneous, and germane
cognitive load. Front Psychol 8:1-18. https://doi.org/10.3389/fps
yg.2017.01997

Klingenberg S, Jorgensen MLM, Dandanell G et al (2020) Investigat-
ing the effect of teaching as a generative learning strategy when
learning through desktop and immersive VR: a media and meth-
ods experiment. Br J Edu Technol 51:2115-2138. https://doi.org
/10.1111/bjet.13029

Klingenberg S, Fischer R, Zettler I, Makransky G (2022) Facilitating
learning in immersive virtual reality: segmentation, summarizing,
both or none? J Comput Assist Learn 39:218-230. https://doi.org
/10.1111/jcal. 12741

Krieglstein F, Beege M, Rey GD et al (2022) A systematic meta-anal-
ysis of the reliability and validity of subjective cognitive load
questionnaires in experimental multimedia learning research.
Educ Psychol Rev 34:2485-2541. https://doi.org/10.1007/s1064
8-022-09683-4

Lee J, Kim J, Choi JY (2019) The adoption of virtual reality devices:
the technology acceptance model integrating enjoyment, social
interaction, and strength of the social ties. Telem Inform 39:37—
48. https://doi.org/10.1016/j.tele.2018.12.006

Leppink J, Paas F, Van der Vleuten CPM et al (2013) Development
of an instrument for measuring different types of cognitive load.
Behav Res Methods 45:1058-1072. https://doi.org/10.3758/s134
28-013-0334-1

Leppink J, Paas F, van Gog T et al (2014) Effects of pairs of problems
and examples on task performance and different types of cogni-
tive load. Learn Instr 30:32—42. https://doi.org/10.1016/j.learnin
struc.2013.12.001

Lerner D, Mohr S, Schild J et al (2020) An immersive multi-user vir-
tual reality for emergency simulation training: usability study.
JMIR Serious Games 8:1-10. https://doi.org/10.2196/18822

Li C, Liang W, Quigley C et al (2017) Earthquake safety training
through virtual drills. IEEE Trans vis Comput Graph 23:1275—
1284. https://doi.org/10.1109/TVCG.2017.2656958

Linnenbrink EA, Pintrich PR (2002) Motivation as an enabler for aca-
demic success. School Psych Rev 31:313-327. https://doi.org/10
.1080/02796015.2002.12086158

Liu K, Zhang W, Li W et al (2023) Effectiveness of virtual reality in
nursing education: a systematic review and meta-analysis. BMC
Med Educ 23:710. https://doi.org/10.1186/5s12909-023-04662-x

Lougiakis C, Katifori A, Roussou M, loannidis I-P (2020) Effects of
virtual hand representation on interaction and embodiment in
HMD-based virtual environments using controllers. In: 2020
IEEE conference on virtual reality and 3D user interfaces (VR)
510-518. https://doi.org/10.1109/vr46266.2020.00072

@ Springer


https://doi.org/10.3390/info10100318
https://doi.org/10.3390/info10100318
https://doi.org/10.1177/0018720820904229
https://doi.org/10.1007/s10055-023-00866-0
https://doi.org/10.1007/s10055-023-00866-0
https://doi.org/10.1080/10447318.2019.1699746
https://doi.org/10.1080/10447318.2019.1699746
https://doi.org/10.1007/s11251-020-09502-9
https://doi.org/10.1007/s11251-020-09502-9
https://doi.org/10.3389/fpsyg.2017.01997
https://doi.org/10.3389/fpsyg.2017.01997
https://doi.org/10.1111/bjet.13029
https://doi.org/10.1111/bjet.13029
https://doi.org/10.1111/jcal.12741
https://doi.org/10.1111/jcal.12741
https://doi.org/10.1007/s10648-022-09683-4
https://doi.org/10.1007/s10648-022-09683-4
https://doi.org/10.1016/j.tele.2018.12.006
https://doi.org/10.3758/s13428-013-0334-1
https://doi.org/10.3758/s13428-013-0334-1
https://doi.org/10.1016/j.learninstruc.2013.12.001
https://doi.org/10.1016/j.learninstruc.2013.12.001
https://doi.org/10.2196/18822
https://doi.org/10.1109/TVCG.2017.2656958
https://doi.org/10.1080/02796015.2002.12086158
https://doi.org/10.1080/02796015.2002.12086158
https://doi.org/10.1186/s12909-023-04662-x
https://doi.org/10.1109/vr46266.2020.00072
https://doi.org/10.1145/3483843
https://doi.org/10.1186/s12912-023-01312-x
https://doi.org/10.24251/HICSS.2017.501
https://doi.org/10.24251/HICSS.2017.501
https://doi.org/10.3758/BF03193146
https://doi.org/10.3758/BF03193146
https://doi.org/10.1002/pits.21901
https://doi.org/10.1007/s10055-021-00554-x
https://doi.org/10.1111/bjet.12864
https://doi.org/10.5688/aj7205113
https://doi.org/10.1007/s40692-020-00169-2
https://doi.org/10.1007/s40692-020-00169-2
https://doi.org/10.1111/bjet.12842
https://doi.org/10.1111/bjet.12842
https://doi.org/10.1002/acp.1345
https://doi.org/10.1002/acp.1345
https://doi.org/10.1016/j.compedu.2019.103707
https://www.iata.org/en/training/courses/persons-implementing-security/tscs66/en
https://www.iata.org/en/training/courses/persons-implementing-security/tscs66/en
https://www.icao.int/Security/Security-Culture/Pages/E-learning-Package.aspx
https://www.icao.int/Security/Security-Culture/Pages/E-learning-Package.aspx
https://doi.org/10.1007/s10639-017-9676-0
https://doi.org/10.1145/2792790
https://doi.org/10.3390/fi13010007
https://doi.org/10.3390/fi13010007
https://doi.org/10.1109/TVCG.2017.2700273
https://doi.org/10.1109/TVCG.2017.2700273

107 Page 22 of 24

Virtual Reality (2025) 29:107

Lovreglio R, Duan X, Rahouti A et al (2021) Comparing the effective-
ness of fire extinguisher virtual reality and video training. Virtual
Real 25:133-145. https://doi.org/10.1007/s10055-020-00447-5

Luong T, Cheng YF, Mobus M et al (2023) Controllers or bare hands?
A controlled evaluation of input techniques on interaction per-
formance and exertion in virtual reality. IEEE Trans vis Comput
Graph 29:4633-4643. https://doi.org/10.1109/TVCG.2023.3320
211

Makransky G, Klingenberg S (2022) Virtual reality enhances safety
training in the maritime industry: An organizational training
experiment with a non-WEIRD sample. J Comput Assist Learn
38:1127-1140. https://doi.org/10.1111/jcal.12670

Makransky G, Lilleholt L (2018) A structural equation modeling
investigation of the emotional value of immersive virtual reality
in education. Educ Tech Res Dev 66:1141-1164. https://doi.org/1
0.1007/s11423-018-9581-2

Makransky G, Petersen GB (2021) The cognitive affective model
of immersive learning (CAMIL): a theoretical research-based
model of learning in immersive virtual reality. Educ Psychol Rev
33:937-958. https://doi.org/10.1007/s10648-020-09586-2

Makransky G, Borre-Gude S, Mayer RE (2019a) Motivational and
cognitive benefits of training in immersive virtual reality based
on multiple assessments. J] Comput Assist Learn 35:691-707. htt
ps://doi.org/10.1111/jcal.12375

Makransky G, Terkildsen TS, Mayer RE (2019b) Adding immersive
virtual reality to a science lab simulation causes more presence
but less learning. Learn Instr 60:225-236. https://doi.org/10.1016
/j.learninstruc.2017.12.007

Makransky G, Andreasen NK, Baceviciute S, Mayer RE (2021)
Immersive virtual reality increases liking but not learning with
a science simulation and generative learning strategies promote
learning in immersive virtual reality. J Educ Psychol 113:719—
735. https://doi.org/10.1037/edu0000473

Makransky G (2021) The immersion principle in multimedia learning.
In: The Cambridge handbook of multimedia learning. Cambridge
University Press, pp 296-303. https://doi.org/10.1017/97811088
94333.031

Manis KT, Choi D (2019) The virtual reality hardware acceptance
model (VR-HAM): Extending and individuating the Technology
Acceptance Model (TAM) for virtual reality hardware. J Bus Res
100:503-513. https://doi.org/10.1016/j.jbusres.2018.10.021

Mao RQ, Lan L, Kay J et al (2021) Immersive virtual reality for surgi-
cal training: a systematic review. J Surg Res 268:40-58. https://d
0i.org/10.1016/j.jss.2021.06.045

Martella AM, Lawson AP, Robinson DH (2024) How scientific is Cog-
nitive Load Theory research compared to the rest of educational
psychology? Educ Sci. https://doi.org/10.3390/educscil4080920

Matovu H, Ungu DAK, Won M et al (2022) Immersive virtual real-
ity for science learning: design, implementation, and evaluation.
Stud Sci Educ. https://doi.org/10.1080/03057267.2022.2082680

Mayer RE (2021) Cognitive theory of multimedia learning. In: Mayer
RE, Fiorella L (eds) The Cambridge handbook of multimedia
learning. Cambridge University Press, Cambridge, pp 57-72. htt
ps://doi.org/10.1017/9781108894333.008

Mayer RE, Chandler P (2001) When learning is just a click away: Does
simple user interaction foster deeper understanding of multimedia
messages? J Educ Psychol 93:390-397. https://doi.org/10.1037/0
022-0663.93.2.390

Mayer RE, Fiorella L (2021) Principles for managing essential pro-
cessing in multimedia learning. In: Mayer RE, Fiorella L (eds)
The Cambridge handbook of multimedia learning, 3rd edn. Cam-
bridge University Press, Cambridge, pp 243-260

Mayer RE, Moreno R (2010) Techniques that reduce extraneous cogni-
tive load and manage intrinsic cognitive load during multimedia
learning. In: Moreno R (ed) Cognitive load theory. Cambridge

@ Springer

University Press, pp 131-152. https://doi.org/10.1017/CBO9780
511844744.009

Mayer RE, Howarth JT, Kaplan M, Hanna S (2018) Applying the seg-
menting principle to online geography slideshow lessons. Educ
Tech Res Dev 66:563-577. https://doi.org/10.1007/s11423-017-9
554-x

Mayer RE, Makransky G, Parong J (2023) The promise and pitfalls of
learning in immersive virtual reality. Int ] Hum Comput Interact
39:2229-2238. https://doi.org/10.1080/10447318.2022.2108563

McAuley E, Duncan T, Tammen VV (1989) Psychometric properties
of the intrinsic motivation inventory in a competitive sport set-
ting: a confirmatory factor analysis. Res Q Exerc Sport 60:48—58.
https://doi.org/10.1080/02701367.1989.10607413

McAuley E, Wraith S, Duncan TE (1991) Self-efficacy, perceptions of
success, and intrinsic motivation for exercise. J Appl Soc Psychol
21:139-155. https://doi.org/10.1111/j.1559-1816.1991.tb00493.x

McMahan RP, Herrera NS (2016) AFFECT: altered-fidelity frame-
work for enhancing cognition and training. Front ICT. https://doi
.org/10.3389/fict.2016.00029

Mekler ED, Bopp JA, Tuch AN, Opwis K (2014) A systematic review
of quantitative studies on the enjoyment of digital entertainment
games. In: Conference on human factors in computing systems—
proceedings. Association for Computing Machinery, pp 927-936.
https://doi.org/10.1145/2556288.2557078

Meyer OA, Omdahl MK, Makransky G (2019) Investigating the effect
of pre-training when learning through immersive virtual reality
and video: a media and methods experiment. Comput Educ. https
://doi.org/10.1016/j.compedu.2019.103603

Michel S, Mendes M, de Ruiter JC et al (2014b) Increasing X-ray
image interpretation competency of cargo security screeners. Int
J Ind Ergon 44:551-560. https://doi.org/10.1016/j.ergon.2014.03
.007

Michel S, Hittenschwiler N, Kuhn M et al (2014) A multi-method
approach towards identifying situational factors and their rele-
vance for X-ray screening. 2014 International Carnahan confer-
ence on security technology (ICCST). pp 1-6. https://doi.org/10.
1109/CCST.2014.6987001

Miguel-Alonso I, Rodriguez-Garcia B, Checa D, Bustillo A (2023)
Countering the novelty effect: A tutorial for immersive virtual
reality learning environments. Appl Sci. https://doi.org/10.3390
/app13010593

Morélot S, Garrigou A, Dedieu J, N’Kaoua B (2021) Virtual reality for
fire safety training: influence of immersion and sense of presence
on conceptual and procedural acquisition. Comput Educ. https://d
oi.org/10.1016/j.compedu.2021.104145

Moreno R (2007) Optimising learning from animations by minimising
cognitive load: cognitive and affective consequences of signalling
and segmentation methods. Appl Cogn Psychol 21:765-781. http
s://doi.org/10.1002/acp.1348

Moreno R, Mayer RE (1999) Cognitive principles of multimedia
learning: the role of modality and contiguity. J Educ Psychol
91:358-368. https://doi.org/10.1037/0022-0663.91.2.358

Moreno R, Mayer RE (2007) Interactive multimodal learning environ-
ments: special issue on interactive learning environments: Con-
temporary issues and trends. Educ Psychol Rev 19:309-326. http
s://doi.org/10.1007/s10648-007-9047-2

Moreno R, Park B (2010) Cognitive load theory: historical devel-
opment and relation to other theories. In: Plass JL, Moreno R,
Briinken R (eds) Cognitive load theory. Cambridge University
Press, pp 7-28

Morrison GR, Ross SM, Morrison JR, Howard KK (2019) Designing
effective instruction, 8th edn. Wiley, Hoboken

Mulders M, Buchner J, Kerres M (2020) A framework for the use of
immersive virtual reality in learning environments. Int J Emerg
Technol Learn 15:208-224. https://doi.org/10.3991/ijet.v15i24.1
6615


https://doi.org/10.1017/CBO9780511844744.009
https://doi.org/10.1017/CBO9780511844744.009
https://doi.org/10.1007/s11423-017-9554-x
https://doi.org/10.1007/s11423-017-9554-x
https://doi.org/10.1080/10447318.2022.2108563
https://doi.org/10.1080/02701367.1989.10607413
https://doi.org/10.1080/02701367.1989.10607413
https://doi.org/10.1111/j.1559-1816.1991.tb00493.x
https://doi.org/10.3389/fict.2016.00029
https://doi.org/10.3389/fict.2016.00029
https://doi.org/10.1145/2556288.2557078
https://doi.org/10.1145/2556288.2557078
https://doi.org/10.1016/j.compedu.2019.103603
https://doi.org/10.1016/j.compedu.2019.103603
https://doi.org/10.1016/j.ergon.2014.03.007
https://doi.org/10.1016/j.ergon.2014.03.007
https://doi.org/10.1109/CCST.2014.6987001
https://doi.org/10.1109/CCST.2014.6987001
https://doi.org/10.3390/app13010593
https://doi.org/10.3390/app13010593
https://doi.org/10.1016/j.compedu.2021.104145
https://doi.org/10.1016/j.compedu.2021.104145
https://doi.org/10.1002/acp.1348
https://doi.org/10.1002/acp.1348
https://doi.org/10.1037/0022-0663.91.2.358
https://doi.org/10.1007/s10648-007-9047-2
https://doi.org/10.1007/s10648-007-9047-2
https://doi.org/10.3991/ijet.v15i24.16615
https://doi.org/10.3991/ijet.v15i24.16615
https://doi.org/10.1007/s10055-020-00447-5
https://doi.org/10.1109/TVCG.2023.3320211
https://doi.org/10.1109/TVCG.2023.3320211
https://doi.org/10.1111/jcal.12670
https://doi.org/10.1007/s11423-018-9581-2
https://doi.org/10.1007/s11423-018-9581-2
https://doi.org/10.1007/s10648-020-09586-2
https://doi.org/10.1111/jcal.12375
https://doi.org/10.1111/jcal.12375
https://doi.org/10.1016/j.learninstruc.2017.12.007
https://doi.org/10.1016/j.learninstruc.2017.12.007
https://doi.org/10.1037/edu0000473
https://doi.org/10.1017/9781108894333.031
https://doi.org/10.1017/9781108894333.031
https://doi.org/10.1016/j.jbusres.2018.10.021
https://doi.org/10.1016/j.jss.2021.06.045
https://doi.org/10.1016/j.jss.2021.06.045
https://doi.org/10.3390/educsci14080920
https://doi.org/10.1080/03057267.2022.2082680
https://doi.org/10.1017/9781108894333.008
https://doi.org/10.1017/9781108894333.008
https://doi.org/10.1037/0022-0663.93.2.390
https://doi.org/10.1037/0022-0663.93.2.390

Virtual Reality (2025) 29:107

Page 23 of 24 107

Mutlu-Bayraktar D, Cosgun V, Altan T (2019) Cognitive load in multi-
media learning environments: a systematic review. Comput Educ.
https://doi.org/10.1016/j.compedu.2019.103618

Newman M, Gatersleben B, Wyles KJ, Ratcliffe E (2022) The use of
virtual reality in environment experiences and the importance of
realism. J Environ Psychol 79:101733. https://doi.org/10.1016/j.
jenvp.2021.101733

Noetel M, Griffith S, Delaney O et al (2022) Multimedia design for
learning: an overview of reviews with meta-meta-analysis. Rev
Educ Res 92:413—454. https://doi.org/10.3102/00346543211052
329

Oyman M, Bal D, Ozer S (2022) Extending the technology acceptance
model to explain how perceived augmented reality affects con-
sumers’ perceptions. Comput Human Behav. https://doi.org/10.1
016/j.chb.2021.107127

Paas F, Tuovinen JE, Tabbers H, Van Gerven PWM (2003) Cognitive
load measurement as a means to advance Cognitive Load Theory.
Educ Psychol 38:63—71. https://doi.org/10.1207/S15326985EP3
801_8

Parong J, Mayer RE (2018) Learning science in immersive virtual
reality. J Educ Psychol 110:785-797. https://doi.org/10.1037/ed
10000241

Parong J, Mayer RE (2020) Cognitive and affective processes for
learning science in immersive virtual reality. J Comput Assist
Learn 37:226-241. https://doi.org/10.1111/jcal. 12482

Parong J, Mayer RE (2021) Learning about history in immersive vir-
tual reality: does immersion facilitate learning? Educ Tech Res
Dev 69:1433—-1451. https://doi.org/10.1007/s11423-021-09999-y

Pellas N, Mystakidis S, Kazanidis I (2021) Immersive virtual reality in
K-12 and higher education: a systematic review of the last decade
scientific literature. Virtual Real 25:835-861. https://doi.org/10.1
007/s10055-020-00489-9

Pirker J, Lesjak I, Kopf J et al (2020) Immersive learning in real VR.
In: Magnor M, Sorkine-Hornung A (eds) Real VR—immersive
digital reality. Springer Nature, Cham, pp 321-336. https://doi.or
2/10.1007/978-3-030-41816-8 14

Plant RW, Ryan RM (1985) Intrinsic motivation and the effects of self-
consciousness, self-awareness, and ego-involvement: an investi-
gation of internally controlling styles. J Pers 53:435-449. https://
doi.org/10.1111/j.1467-6494.1985.tb00375.x

Poupard M, Larrue F, Sauzéon H, Tricot A (2025) A systematic review
of immersive technologies for education: learning performance,
cognitive load and intrinsic motivation. Br J Educ Technol 56:5—
41. https://doi.org/10.1111/bjet.13503

Radianti J, Majchrzak TA, Fromm J, Wohlgenannt I (2020) A system-
atic review of immersive virtual reality applications for higher
education: design elements, lessons learned, and research agenda.
Comput Educ 147:103778. https://doi.org/10.1016/j.compedu.20
19.103778

Ragan ED, Bowman DA, Kopper R et al (2015) Effects of field of
view and visual complexity on virtual reality training effective-
ness for a visual scanning task. IEEE Trans vis Comput Graph
21:794-807. https://doi.org/10.1109/TVCG.2015.2403312

Rebenitsch L, Owen C (2016) Review on cybersickness in applica-
tions and visual displays. Virtual Real 20:101-125. https://doi.or
2/10.1007/s10055-016-0285-9

Rey GD, Beege M, Nebel S et al (2019) A meta-analysis of the seg-
menting effect. Educ Psychol Rev 31:389-419. https://doi.org/10
.1007/s10648-018-9456-4

Ritzmann S, Hagemann V, Kluge A (2014) The Training Evaluation
Inventory (TEI)—evaluation of training design and measurement
of training outcomes for predicting training success. Vocat Learn
7:41-73. https://doi.org/10.1007/s12186-013-9106-4

Rojas-Sanchez MA, Palos-Sanchez PR, Folgado-Fernandez JA (2023)
Systematic literature review and bibliometric analysis on virtual

reality and education. Educ Inf Technol 28:155-192. https://doi.o
rg/10.1007/s10639-022-11167-5

Ryan RM (1982) Control and information in the intrapersonal sphere:
an extension of cognitive evaluation theory. J Pers Soc Psychol
43:450-461. https://doi.org/10.1037/0022-3514.43.3.450

Ryan RM, Deci EL (2017) Self-determination theory: basic psycho-
logical needs in motivation, development, and wellness. Guilford,
New York. https://doi.org/10.1521/978.14625/28806

Ryan RM, Mims V, Koestner R (1983) Relation of reward contin-
gency and interpersonal context to intrinsic motivation: a review
and test using cognitive evaluation theory. J Pers Soc Psychol
45:736-750. https://doi.org/10.1037/0022-3514.45.4.736

Ryan RM, Connell JP, Plant RW (1990) Emotions in nondirected text
learning. Learn Individ Differ 2:1-17. https://doi.org/10.1016/10
41-6080(90)90014-8

Ryan RM, Koestner R, Deci EL (1991) Ego-involved persistence:
when free-choice behavior is not intrinsically motivated. Motiv
Emot 15:185-205. https://doi.org/10.1007/BF00995170

Sagnier C, Loup-Escande E, Lourdeaux D et al (2020) User acceptance
of virtual reality: an extended technology acceptance model. Int
J Hum Comput Interact 36:993—1007. https://doi.org/10.1080/10
447318.2019.1708612

Scarfe P, Glennerster A (2019) The science behind virtual reality dis-
plays. Annu Rev vis Sci 5:529-547. https://doi.org/10.1146/annu
rev-vision-091718-014942

Schwaninger A, Merks S (2019) Single-view, multi-view and 3D
imaging for baggage screening: What should be considered for
effective training? In: Aviation Security International. https://w
ww.asi-mag.com/single-view-multi-view-and-3d-imaging-for-ba
ggage-screening-what-should-be-considered-for-effective-trainin
g. Accessed 3 Oct 2023

Seinfeld S, Feuchtner T, Maselli A, Miiller J (2021) User represen-
tations in human-computer interaction. Hum Comput Interact
36:400-438. https://doi.org/10.1080/07370024.2020.1724790

Slater M (2003) A note on presence terminology. Presence Connect
3:1-5

Slater M (2009) Place illusion and plausibility can lead to realistic
behaviour in immersive virtual environments. Philos Trans R Soc
B Biol Sci 364:3549-3557. https://doi.org/10.1098/rstb.2009.01
38

Slater M (2018) Immersion and the illusion of presence in virtual real-
ity. Br J Psychol 109:431-433. https://doi.org/10.1111/bjop.123
05

Slater M, Sanchez-Vives MV (2016) Enhancing our lives with immer-
sive virtual reality. Front Robot Al. https://doi.org/10.3389/frobt
.2016.00074

Slater M, Wilbur S (1997) A framework for immersive virtual envi-
ronments (FIVE): speculations on the role of presence in virtual
environments. Pres Teleoper Virt Environ 6:603—-616. https://doi.
org/10.1162/pres.1997.6.6.603

Slater M, Banakou D, Beacco A et al (2022) A separate reality: An
update on place illusion and plausibility in virtual reality. Front
Virtual Real. https://doi.org/10.3389/frvir.2022.914392

Smith RC, Connelly JM (2022) CT technologies. In: Kagan A, Oxley
JC (eds) Counterterrorist detection techniques of explosives, 2nd
edn. Elsevier, pp 29-45

Smutny P (2023) Learning with virtual reality: a market analysis of
educational and training applications. Interact Learn Environ
31:6133-6146. https://doi.org/10.1080/10494820.2022.2028856

Soliman M, Pesyridis A, Dalaymani-Zad D et al (2021) The applica-
tion of virtual reality in engineering education. Appl Sci. https://d
0i.org/10.3390/app 11062879

Spanjers IAE, van Gog T, van Merriénboer JJG (2010) A theoretical
analysis of how segmentation of dynamic visualizations opti-
mizes students’ learning. Educ Psychol Rev 22:411-423. https://d
0i.org/10.1007/s10648-010-9135-6

@ Springer


https://doi.org/10.1007/s10639-022-11167-5
https://doi.org/10.1007/s10639-022-11167-5
https://doi.org/10.1037/0022-3514.43.3.450
https://doi.org/10.1521/978.14625/28806
https://doi.org/10.1037/0022-3514.45.4.736
https://doi.org/10.1016/1041-6080(90)90014-8
https://doi.org/10.1016/1041-6080(90)90014-8
https://doi.org/10.1007/BF00995170
https://doi.org/10.1080/10447318.2019.1708612
https://doi.org/10.1080/10447318.2019.1708612
https://doi.org/10.1146/annurev-vision-091718-014942
https://doi.org/10.1146/annurev-vision-091718-014942
https://www.asi-mag.com/single-view-multi-view-and-3d-imaging-for-baggage-screening-what-should-be-considered-for-effective-training
https://www.asi-mag.com/single-view-multi-view-and-3d-imaging-for-baggage-screening-what-should-be-considered-for-effective-training
https://www.asi-mag.com/single-view-multi-view-and-3d-imaging-for-baggage-screening-what-should-be-considered-for-effective-training
https://www.asi-mag.com/single-view-multi-view-and-3d-imaging-for-baggage-screening-what-should-be-considered-for-effective-training
https://doi.org/10.1080/07370024.2020.1724790
https://doi.org/10.1098/rstb.2009.0138
https://doi.org/10.1098/rstb.2009.0138
https://doi.org/10.1111/bjop.12305
https://doi.org/10.1111/bjop.12305
https://doi.org/10.3389/frobt.2016.00074
https://doi.org/10.3389/frobt.2016.00074
https://doi.org/10.1162/pres.1997.6.6.603
https://doi.org/10.1162/pres.1997.6.6.603
https://doi.org/10.3389/frvir.2022.914392
https://doi.org/10.1080/10494820.2022.2028856
https://doi.org/10.3390/app11062879
https://doi.org/10.3390/app11062879
https://doi.org/10.1007/s10648-010-9135-6
https://doi.org/10.1007/s10648-010-9135-6
https://doi.org/10.1016/j.compedu.2019.103618
https://doi.org/10.1016/j.compedu.2019.103618
https://doi.org/10.1016/j.jenvp.2021.101733
https://doi.org/10.1016/j.jenvp.2021.101733
https://doi.org/10.3102/00346543211052329
https://doi.org/10.3102/00346543211052329
https://doi.org/10.1016/j.chb.2021.107127
https://doi.org/10.1016/j.chb.2021.107127
https://doi.org/10.1207/S15326985EP3801_8
https://doi.org/10.1207/S15326985EP3801_8
https://doi.org/10.1037/edu0000241
https://doi.org/10.1037/edu0000241
https://doi.org/10.1111/jcal.12482
https://doi.org/10.1007/s11423-021-09999-y
https://doi.org/10.1007/s10055-020-00489-9
https://doi.org/10.1007/s10055-020-00489-9
https://doi.org/10.1007/978-3-030-41816-8_14
https://doi.org/10.1007/978-3-030-41816-8_14
https://doi.org/10.1111/j.1467-6494.1985.tb00375.x
https://doi.org/10.1111/j.1467-6494.1985.tb00375.x
https://doi.org/10.1111/bjet.13503
https://doi.org/10.1016/j.compedu.2019.103778
https://doi.org/10.1016/j.compedu.2019.103778
https://doi.org/10.1109/TVCG.2015.2403312
https://doi.org/10.1007/s10055-016-0285-9
https://doi.org/10.1007/s10055-016-0285-9
https://doi.org/10.1007/s10648-018-9456-4
https://doi.org/10.1007/s10648-018-9456-4
https://doi.org/10.1007/s12186-013-9106-4

107 Page 24 of 24

Virtual Reality (2025) 29:107

Spanjers IAE, Wouters P, van Gog T, van Merriénboer JJG (2011) An
expertise reversal effect of segmentation in learning from ani-
mated worked-out examples. Comput Human Behav 27:46-52. h
ttps://doi.org/10.1016/j.chb.2010.05.011

Spittle B, Frutos-Pascual M, Creed C, Williams 1 (2023) A review of
interaction techniques for immersive environments. IEEE Trans
vis Comput Graph 29:3900-3921. https://doi.org/10.1109/TVCG
.2022.3174805

Sprenger DA, Schwaninger A (2021) Technology acceptance of four
digital learning technologies (classroom response system, class-
room chat, e-lectures, and mobile virtual reality) after three
months’ usage. Int J Educ Technol Higher Educ. https://doi.org/1
0.1186/541239-021-00243-4

Stefan H, Mortimer M, Horan B (2023) Evaluating the effectiveness
of virtual reality for safety-relevant training: a systematic review.
Virtual Real 27:2839-2869. https://doi.org/10.1007/s10055-023-
00843-7

Sudiarno A, Dewi RS, Widyaningrum R et al (2024) Investigating the
future study area on VR technology implementation in safety
training: a systematic literature review. J Saf Sci Resil 5:235-248.
https://doi.org/10.1016/j.jnlssr.2024.03.005

Sumak B, Heri¢ko M, Pusnik M (2011) A meta-analysis of e-learning
technology acceptance: the role of user types and e-learning tech-
nology types. Comput Human Behav 27:2067-2077. https://doi.o
rg/10.1016/j.chb.2011.08.005

Sweller J (2010) Element interactivity and intrinsic, extraneous, and
germane cognitive load. Educ Psychol Rev 22:123—138. https://d
0i.0rg/10.1007/s10648-010-9128-5

Sweller J (2023) The development of cognitive load theory: replica-
tion crises and incorporation of other theories can lead to theory
expansion. Educ Psychol Rev. https://doi.org/10.1007/s10648-0
23-09817-2

Sweller J, Van Merrienboer JJIG, Paas FGWC (1998) Cognitive archi-
tecture and instructional design. Educ Psychol Rev 10:251-296.
https://doi.org/10.1023/A:1022193728205

Sweller J, Ayres P, Kalyuga S (2011) Cognitive load theory. Springer,
New York. https://doi.org/10.1007/978-1-4419-8126-4

Sweller J, van Merriénboer JJG, Paas F (2019) Cognitive architec-
ture and instructional design: 20 years later. Educ Psychol Rev
31:261-292. https://doi.org/10.1007/s10648-019-09465-5

Taber KS (2018) The use of Cronbach’s alpha when developing and
reporting research instruments in science education. Res Sci Educ
48:1273-1296. https://doi.org/10.1007/s11165-016-9602-2

Taylor G, Jungert T, Mageau GA et al (2014) A self-determination
theory approach to predicting school achievement over time:
the unique role of intrinsic motivation. Contemp Educ Psychol
39:342-358. https://doi.org/10.1016/j.cedpsych.2014.08.002

The jamovi project (2022) jamovi (Version 2.3.19) [Computer Soft-
ware]. https://www.jamovi.org. Accessed 3 Oct 2023

Tobias S (1994) Interest, prior knowledge, and learning. Rev Educ Res
64:37-54. https://doi.org/10.3102/00346543064001037

Unity (2021) Unity (Version 2020.3.19f1) [Computer Software].
https://unity.com. Accessed 3 Oct 2023

@ Springer

Venkatesh V, Bala H (2008) Technology Acceptance Model 3 and a
research agenda on interventions. Decis Sci 39:273-315. https://d
oi.org/10.1111/j.1540-5915.2008.00192.x

Venkatesh V, Davis FD (2000) A theoretical extension of the technol-
ogy acceptance model: four longitudinal field studies. Manage
Sci 46:186—204. https://doi.org/10.1287/mnsc.46.2.186.11926

Venkatesh V, Morris MG, Davis GB et al (2003) User acceptance of
information technology: toward a unified view. Manag Inf Syst Q
27:425-478. https://doi.org/10.2307/30036540

Villena-Taranilla R, Tirado-Olivares S, Cozar-Gutiérrez R, Gonzalez-
Calero JA (2022) Effects of virtual reality on learning outcomes
in K-6 education: a meta-analysis. Educ Res Rev 35:100434. http
s://doi.org/10.1016/j.edurev.2022.100434

Villena-Taranilla R, Cézar-Gutiérrez R, Gonzalez-Calero JA, Diago
PD (2023) An extended technology acceptance Model on immer-
sive virtual reality use with primary school students. Technol
Pedagog Educ 32:367-388. https://doi.org/10.1080/1475939X.2
023.2196281

Vukadinovic D, Anderson D (2022) X-ray baggage screening and Al,
EUR 31123 EN. Publications Office of the European Union, Lux-
embourg. https://doi.org/10.2760/46363

Webster R (2016) Declarative knowledge acquisition in immersive
virtual learning environments. Interact Learn Environ 24:1319—
1333. https://doi.org/10.1080/10494820.2014.994533

Wohlgenannt 1, Simons A, Stieglitz S (2020) Virtual reality. Bus Inf
Syst Eng 62:455-461. https://doi.org/10.1007/s12599-020-0065
8-9

Wong A, Leahy W, Marcus N, Sweller J (2012) Cognitive load the-
ory, the transient information effect and e-learning. Learn Instr
22:449-457. https://doi.org/10.1016/j.learninstruc.2012.05.004

Wu B, Yu X, Gu X (2020) Effectiveness of immersive virtual reality
using head-mounted displays on learning performance: a meta-
analysis. Br J Edu Technol 51:1991-2005. https://doi.org/10.11
11/bjet.13023

Xie B, Liu H, Alghofaili R et al (2021) A review on virtual reality skill
training applications. Front Virtual Real. https://doi.org/10.3389/
frvir.2021.645153

Yu Z (2021) A meta-analysis of the effect of virtual reality technology
use in education. Interact Learn Environ. https://doi.org/10.1080/
10494820.2021.1989466

Zhao J, Lin L, Sun J, Liao Y (2020) Using the summarizing strategy to
engage learners: empirical evidence in an immersive virtual real-
ity environment. Asia-Pac Educ Res 29:473—482. https://doi.org/
10.1007/s40299-020-00499-w

Publisher's Note Springer Nature remains neutral with regard to juris-
dictional claims in published maps and institutional affiliations.


https://doi.org/10.1111/j.1540-5915.2008.00192.x
https://doi.org/10.1111/j.1540-5915.2008.00192.x
https://doi.org/10.1287/mnsc.46.2.186.11926
https://doi.org/10.2307/30036540
https://doi.org/10.1016/j.edurev.2022.100434
https://doi.org/10.1016/j.edurev.2022.100434
https://doi.org/10.1080/1475939X.2023.2196281
https://doi.org/10.1080/1475939X.2023.2196281
https://doi.org/10.2760/46363
https://doi.org/10.1080/10494820.2014.994533
https://doi.org/10.1007/s12599-020-00658-9
https://doi.org/10.1007/s12599-020-00658-9
https://doi.org/10.1016/j.learninstruc.2012.05.004
https://doi.org/10.1111/bjet.13023
https://doi.org/10.1111/bjet.13023
https://doi.org/10.3389/frvir.2021.645153
https://doi.org/10.3389/frvir.2021.645153
https://doi.org/10.1080/10494820.2021.1989466
https://doi.org/10.1080/10494820.2021.1989466
https://doi.org/10.1007/s40299-020-00499-w
https://doi.org/10.1007/s40299-020-00499-w
https://doi.org/10.1016/j.chb.2010.05.011
https://doi.org/10.1016/j.chb.2010.05.011
https://doi.org/10.1109/TVCG.2022.3174805
https://doi.org/10.1109/TVCG.2022.3174805
https://doi.org/10.1186/s41239-021-00243-4
https://doi.org/10.1186/s41239-021-00243-4
https://doi.org/10.1007/s10055-023-00843-7
https://doi.org/10.1007/s10055-023-00843-7
https://doi.org/10.1016/j.jnlssr.2024.03.005
https://doi.org/10.1016/j.jnlssr.2024.03.005
https://doi.org/10.1016/j.chb.2011.08.005
https://doi.org/10.1016/j.chb.2011.08.005
https://doi.org/10.1007/s10648-010-9128-5
https://doi.org/10.1007/s10648-010-9128-5
https://doi.org/10.1007/s10648-023-09817-2
https://doi.org/10.1007/s10648-023-09817-2
https://doi.org/10.1023/A:1022193728205
https://doi.org/10.1023/A:1022193728205
https://doi.org/10.1007/978-1-4419-8126-4
https://doi.org/10.1007/s10648-019-09465-5
https://doi.org/10.1007/s11165-016-9602-2
https://doi.org/10.1016/j.cedpsych.2014.08.002
https://www.jamovi.org
https://doi.org/10.3102/00346543064001037
https://unity.com

	﻿Segmentation influences learning: a study of knowledge acquisition through virtual reality and 2D video with airport security screeners
	﻿Abstract
	﻿1﻿ ﻿Introduction
	﻿1.1﻿ ﻿Media type (2D video vs. HMD VR)
	﻿1.2﻿ ﻿Segmentation (continuous vs. segmented)
	﻿1.3﻿ ﻿Knowledge
	﻿1.4﻿ ﻿Cognitive load
	﻿1.5﻿ ﻿Interest/Enjoyment
	﻿1.6﻿ ﻿Technology acceptance
	﻿1.7﻿ ﻿Current study

	﻿2﻿ ﻿Method
	﻿2.1﻿ ﻿Participants
	﻿2.2﻿ ﻿Experimental design, conditions, and apparatus
	﻿2.3﻿ ﻿Training material
	﻿2.4﻿ ﻿Procedure
	﻿2.5﻿ ﻿Measures
	﻿2.6﻿ ﻿Statistical analyses

	﻿3﻿ ﻿Results
	﻿3.1﻿ ﻿Psychometrics
	﻿3.2﻿ ﻿Control variables
	﻿3.3﻿ ﻿Effects of media type and segmentation on knowledge
	﻿3.4﻿ ﻿Effects of media type and segmentation on cognitive load
	﻿3.5﻿ ﻿Effects of media type and segmentation on interest/enjoyment
	﻿3.6﻿ ﻿Effects of media type and segmentation on technology acceptance

	﻿4﻿ ﻿Discussion
	﻿4.1﻿ ﻿Segmentation influences Objective Knowledge
	﻿4.2﻿ ﻿Media type influences Germane Cognitive Load
	﻿4.3﻿ ﻿Strong correlations between Interest/Enjoyment and technology acceptance
	﻿4.4﻿ ﻿Comparable cognitive load scales of Leppink et al. (﻿2014﻿) and Klepsch et al. (﻿2017﻿)
	﻿4.5﻿ ﻿Practical implications
	﻿4.6﻿ ﻿Limitations and future research

	﻿5﻿ ﻿Conclusion
	﻿Appendix
	﻿References


